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Abstract
The scientific research on organic luminescent molecules is a broadly diversified field.
In the present work, two topics have received special attention: First, room-tem-
perature phosphorescence (RTP) in amorphous organic layers, and second, special
applications of organic LEDs (OLEDs).
Since the phosphorescence as a transition between a triplet and a singlet state is not
spin conservative, it is natively very slow and is usually overlaid by non-radiative
transitions. Experiments on triplet states are therefore often performed at low tem-
peratures. Escaping this limitation, the topic of RTP arises, wherein biluminescence
is a special case. This means that phosphorescence and fluorescence can be observed
simultaneously and special attention is paid to the interaction of the two processes.
After a theoretical and methodological introduction, this work transfers an established
method for the determination of the photoluminescence quantum yield (PLQY) to
biluminescent and RTP systems. Among other things, it was shown that interactions
between the states must be taken into account in order to obtain correct results.
Different physical competences can and must be combined, for example to detect the
sole phosphorescent contribution to the PLQY of a biluminescent system. However,
there is no literature on the consideration of statistical measurement uncertainties
during the PLQY acquisition itself. This gap could be closed by developing a method
that cleverly exploits the measurement principle to obtain a broad statistical basis for
data analysis with moderate additional experimental effort. This evaluation method
has its strength especially in the fact that it is independent of the actually investigated
object and thus has relevance beyond research on organic emitters.
The following chapter deals with more basic properties of RTP, analysing a num-
ber of molecules that can be interpreted as fragments of the well-known tetra-N-
phenylbenzidine (TPB). Using a combination of optical characterization and quan-
tum mechanical simulations, the twisted biphenyl-core of TPB has been identified as
the basic molecular building block for efficient radiative triplet-singlet transitions.
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The systematics coming with a series of similar molecules, was further used to develop
a numerical fit routine for biluminescent processes. Different numbers of bromine
atoms were synthetically attached to TPB, which creates a heavy-atom effect that
enhances spin flips and thus triplet-singlet transitions. Mathematically, the dynamics
of the transition processes can be described with a system of coupled differential
equations. The core elements therein are the transition rates, which reflect the time
constants of the corresponding processes. Radiative and non-radiative transitions as
well as intermolecular interactions could be quantified that way.
The last part of the thesis deals with the physics of OLEDs and the development
of particular OLED applications. Especially the concept of AC/DC OLEDs is deep-
ened, which allows an operation with alternating current (AC) by a combination of
direct-current (DC) components. The big advantage of this design is the independent
controllability of two diodes within one light source. This allows, for example, the
continuous adjustment of the emission colour over a wide range. Further improve-
ments such as transparency and improved colour rendering are the results of this
work. Finally, the AC/DC strategy was transferred to a completely new application,
in which spatially different radiation characteristics are developed and exploited.
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Kurzfassung
Die wissenschaftliche Forschung an organischen lumineszenten Molekülen ist ein breit
gefächertes Themenfeld. In der hier vorliegenden Arbeit fanden besonders zwei The-
men Beachtung: zum einen die Raumtemperaturphosphoreszenz (RTP) in amorphen
organischen Schichten, und zum anderen spezielle Anwendungen organischer LEDs
(OLEDs).
Da die Phosphoreszenz als Übergang zwischen einem Triplett- und einem Sigulettzu-
stand nicht spinerhaltend ist, ist er nativ sehr langsam und wird meist von nicht-
strahlenden Übergängen überlagert. Häufig finden Experimente zu Triplettzustän-
den daher unter sehr niedrigen Temperaturen statt. Diese Einschränkung entgehend,
ergibt sich das Themenfeld der RTP, worin die Bilumineszenz ein Spezialfall ist. Das
bedeutet, dass zeitgleich Phosphoreszenz und Fluoreszenz beobachtbar sind und ein
besonderes Augenmerk auf dem Wechselspiel der beiden Prozesse liegt.
Nach einer theoretischen und methodischen Einführung, wird in der vorliegenden Ar-
beit eine etablierte Methode zur Bestimmung der Photolumineszenzeffizienz (PLQY)
auf bilumineszente und RTP-Systeme übertragen. Unter anderem zeigte sich hierin,
dass besonders Interaktionen zwischen den Zuständen berücksichtigt werden müssen,
um korrekte Ergebnisse zu erhalten. Unterschiedliche physikalische Kompetenzen
können und müssen kombiniert werden, um zum Beispiel den alleinigen phospho-
reszenten Anteil an der PLQY eines biluminszenten Systems zu detektieren. Aller-
dings existiert keine Literatur zur Berücksichtigung statistischer Messunsicherheiten
während der PLQY Detektion. Diese Lücke konnt durch eine entwickelte Methode
geschlossen werden, die das Messprinzip geschickt ausnutzt, um mit moderatem ex-
perimentellem Mehraufwand eine breite statistische Basis zur Datenanalyse zu erhal-
ten. Diese Auswertemethode hat ihre Stärke besonders darin, dass sie vom eigentlich
untersuchten Objekt unabhängig ist und damit auch Relevanz jenseits der Forschung
an organischen Emittern hat.
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Im anschließenden Kapitel werden grundlegendere Eigenschaften der RTP behandelt,
wobei eine Reihe an Molekülen analysiert wird, die als Fragmente des bekannten tetra-
N-phenylbenzidine (TPB) interpretiert werden können. Mit einer Kombination aus
optischer Charakterisierung und quantenmechanischen Simulationen konnte der ver-
drillte Biphenylkern von TPB als der grundlegende molekulare Baustein für effiziente
strahlende Triplett-Singulett-Übergänge identifiziert werden.
Die Systematik, die Serien ähnlicher Moleküle mit sich bringen, wurde weiterhin
genutzt, um eine numerische Anpassungsroutine für bilumineszente Prozesse zu ent-
wickeln. TPB Moleküle wurden synthetisch mit verschiedener Zahl an Bromatomen
versehen, was einen Schweratomeffekt erzeugt, der Spinumkehr und damit auch Trip-
lett-Singulett-Übergänge verstärkt. Mathematisch kann die Dynamik der Übergangs-
prozesse mit einen System gekoppelter Differentialgleichungen beschrieben werden.
Die Kernelemente darin die Übergangsraten, die die Zeitkonstanten der entsprechen-
den Prozesse widerspiegeln. In der vorliegendenden Arbeit konnten somit strahlende
und nichtstrahlende Übergänge, sowie intermolekulare Wechselwirkungen quantifi-
ziert werden.
Der letzte Teil der Arbeit befasst sich mit der Physik und der Anwendung von OLEDs.
Besonders das Konzept der AC/DC OLEDs wird dabei vertieft, das durch eine Kom-
bination aus Gleichstrombauteilen, einen Betrieb mit Wechselstrom ermöglicht. Der
große Vorteil dieses Aufbaus ist die unabhängige Ansteuerbarkeit zweier Dioden in-
nerhalb einer Lichtquelle. Das erlaubt zum Beispiel die stufenlose Einstellung der
Emissionsfarbe über einen weiten Bereich. Weitere Verbesserungen wie Transparenz
und eine verbesserte Farbwiedergabe sind Ergebnisse dieser Arbeit. Letztlich wurde
die AC/DC Strategie auf einen völlig neuen Anwendungsfall übertragen, in dem räum-
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The quest for new possibilities is always the driving force for curious people to in-
vest time, energy, and personal effort in research. A field that rewarded scientists
with a lot of success in the last decades, is the physics and chemistry of molecular
organic luminophores. Life-changing developments grew from world-wide endeavour,
the most prominent of which surely is the organic light-emitting diode (OLED). It is
becoming the dominant technology in the increasing market of small displays like in
smartphones or tablets. But also organic solar cells are on the edge of becoming avail-
able on a large industrial scale. So the question is, what are the intriguing advantages
of those molecules that push organic electronics? They provide high luminescent effi-
ciencies close to 100%, forming ultra-thin amorphous films, they allow highly flexible
and transparent devices, still their conductivity is sufficiently high to make modern or-
ganic transistors becoming fast enough for implementation in electronic circuits. The
nearly unlimited possibilities of organic chemistry provide a hardly restricted choice
of tailored luminescent molecules. The adaptable way of processing adds also the list
of their advantages: Solution-based methods like spin coating or printing exist as well
as the use of thermal vapour deposition. Even the implementation into nanoparticles
is possible nowadays. This allows the application onto nearly any kind of substrate
like glass, plastics, foils, paper, or electronic circuits, which makes electronics maybe
the most prominent, but only one of many application fields for organic luminescent
molecules that range from sensors to medical use. Especially, organic phosphors are
of importance here as they potentially provide a way higher internal efficiency as their
fluorescent counterparts.
At room temperature and ambient conditions, the phosphorescence can be strongly
quenched, which motivated a vast investigation of molecular systems showing so-called
room-temperature phosphorescence (RTP). From fundamental quantum-mechanical
calculations to new technologies, RTP molecules are the topic of current research. Dis-
cussed applications in the scientific community are amongst others anti-counterfeiting
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1 Introduction
Figure 1.1: Applications of organic luminophores. On the left-hand side are four identical pixels
of colour-tunable organic light-emitting diodes, as investigated in Chapter 9. On the
right-hand side is a phosphorescent luminescent tag that has been developed in our lab
(Gmelch et al., 2019).
layers for data security (An et al., 2015; Cai et al., 2017), oxygen-sensing platforms
(Lehner et al., 2014; Yu et al., 2017), and bioimaging (Fateminia et al., 2017; Zhen
et al., 2017).
The ability to phosphoresce, depends on the change of an electronic state of a molecule
between a triplet and a singlet state. This process is called intersystem crossing,
and within organics it was originally unique to metal-containing molecules or sys-
tems (McClure, 1949; Solovyov & Borisevich, 2005). However, manifold strategies
exist today to achieve persistent and efficient RTP from purely organic molecules.
The common basis is the enhancement of the intersystem-crossing and the reduction
of non-radiative loss channels. Some examples are intramolecular energy transfer
(Zhao et al., 2019), inclusion of heteroatoms and subsequent (𝑛, 𝜋)-transitions (Zhao
et al., 2016; He et al., 2017), H-aggregates and crystal structures (An et al., 2015; Gong
et al., 2015; Lucenti et al., 2017), or host-guest systems (Tsuboi et al., 2009; Louis
et al., 2019).
Striking features like a long afterglow-lifetime of several seconds (Shoji et al., 2017;
Thomas et al., 2020), white light-phosphorescence from a single organic molecule (He
et al., 2017), or the switchability of phosphorescent emission (Gmelch et al., 2019),
are just some examples of the results of latest research. Further reading can be found
4
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in one of the several review articles that recover the current progress in RTP research
and focus on the quantum chemical background, the molecular properties, the pho-
tophysics, and the influence of the sample design (Marian, 2012; Hirata, 2017; Li
et al., 2018a; Kenry et al., 2019).
Within this scientific progress, the present thesis adds contributions to different dis-
ciplines. In the methodology of optical characterizations, a new statistical evaluation
technique for the determination of the photoluminescent quantum yield is presented
in Chapter 4 under point 4.3.3. Molecular key properties that enhance RTP in a
well-known organic molecule are discussed in Chapter 5. Computational work on
the intrinsic processes of molecular systems is presented in Chapter 6 and allows the
quantification of inherent transitions rates. Results with a strong reference to pos-





The common theoretical basis that runs through this entire thesis is the photophysics
of organic molecules. Hence, it is necessary to lay a fundamental groundwork about
the physics of molecules in general to understand later findings. Starting with atomic
and molecular electronic orbitals, going over different quantum mechanical spin states,
to optical transitions, basic concepts are introduced here. From that common ground
many different topical branches evolve, bringing light to various properties of the
molecules. In Part II the interplay between molecular singlet and triplet states is of
particular interest. The semiconducting properties on the other hand will play a key
role in Part III and will be explained in more detail there.
2.1 Physical Basics of Organic Molecules
A closed definition of what makes a molecule organic is hard to give. Basically it is
any compound on carbon basis, but there are several exceptions like carbon monoxide
and others (Römpp, 2006). Also, pure carbon structures are normally not attributed
to the organic chemistry, however fullerenes are, given that they are one fundamen-
tal ingredient in organic solar cells. Sometimes “organics” and “hydrocarbons“ are
used synonymously. Yet, besides carbon and hydrogen, other common atoms in or-
ganic compounds are oxygen, nitrogen, and halogens. And finally, some authors
differentiate between metal-organic and purely organic compounds (Yersin, 2007; Liu
et al., 2016; Ratzke et al., 2016).
2.1.1 Molecular Orbitals
To understand the molecular properties, the electronic orbitals of the constituting
atoms have to be explained. Atomic orbitals are basically the spatial distribution
probability of an electron in the field of the nucleus. Additionally, each orbital refers
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to a certain energy of the electron, and basic quantum mechanics show that those
energies are quantized. That means that only certain values of energy are allowed, and
consequently only certain spatial distributions. Already for atoms containing more
than one electron, the calculation of these orbital is challenging, but good solutions
can be found using the Hartree-Fock equations (Atkins & Paula, 2006; Nolting, 2015).
A molecule brings the additional complexity that not only the electrons move, but
also the nuclei with respect to each other. However, as the mass of the electrons is way
lower, the Born-Oppenheimer approximation is often applied, assuming the nuclei to
be at rest (Demtröder, 2013). Still, systems more complex than the hydrogen molecule
ion (𝐻+2 ), cannot be solved analytically. Here, the principle of the linear combination
of atomic orbitals (LCAO approximation) proved to give reasonable results. Single
atomic orbitals of equal energy are combined to solve the molecular Schrödinger
equation, leading to a splitting of the resulting orbital. In the example of 𝐻+2 this
means that the linear combination of the atomic 1s orbitals leads to two molecular
orbitals. They are referred to as 𝜎 and 𝜎*. The first is the eigenstate of lowest
energy and is a so-called binding orbital, whereas the latter is of higher energy and is
called anti-binding (cf. Figure 2.1a). Sometimes the orbitals are additionally marked
with the atomic state from which they were obtained (1𝜎1𝑠). From a mathematical
point of view, any atomic orbital can be used for the LCAO procedure. Let’s take
a carbon atom with its ground state configuration 2s22p1x2p1y. One s-electron can be
promoted to the unoccupied 𝑝𝑧 state (where the subscripts x, y, and z refer to the
spatial orientation). Then, three so-called 2sp2 hybrid orbitals can be obtained from
the remaining s- and two p-orbitals. They are located within one plane and have
an angle of 120∘ to one another. The third p-orbital remains and is out of plane
(pz, see Figure 2.1b). Obviously, this process requires activation energy. However,
when neighbouring carbon atoms share their 2sp2 orbitals, they form a common 𝜎
orbital and this energy is super compensated. This leads to the typical hexagonal
structure of benzene. The residual pz orbitals interact and form six 𝜋 orbitals, from
whose only the lower third are occupied (Atkins & Paula, 2006). Those 𝜋 orbitals are
delocalized over the whole molecule, which is indicated in Figure 2.1c. This process of
delocalization is called hybridization and is fundamental for many spectroscopic and
electric properties of organic molecules (Brütting, 2005; Schwoerer & Wolf, 2005). In
molecular physics it is common to call the highest occupied molecular orbital HOMO,
and the lowest unoccupied molecular orbital LUMO. Those are the analogues to
8


































y ∼ 4.4 eV
(e)
Figure 2.1: a) The energetic splitting of the 1s energy level of hydrogen, when forming a molecule.
b) The three 2sp2 hybrid orbitals are in a common plane and enclose an angle of 120∘.
The residual pz orbital is perpendicular to them. c) The 2sp2 orbitals of carbon are
basis for the hexagonal structure of benzene, whereas the six remaining pz orbitals
delocalise and form the 𝜋 orbital. d) The molecular orbitals resulting from the hy-
bridization of the six p orbitals of the carbon atoms. The energy gap between HOMO
and LUMO is about 5 eV (Turro et al., 2010; Jara-Cortés et al., 2015), e) In formalde-
hyde, the n orbital of oxygen is located between the 𝜋 and the 𝜋⋆ orbital leading to a
HOMO LUMO gap of only about 4.4 eV (adapted from (Valeur, 2001))
valence and conduction band in crystal structures. In the case of benzene, HOMO is
equivalent to the degenerated 𝜋3 and 𝜋2 orbital, and the LUMO to the 𝜋4 and 𝜋5 (cf.
Figure 2.1d).
Another important class of molecular orbitals are the non-bonding or n orbitals. An
archetypical example therefore is formaldehyde H2C=O. The 16 electrons of that
molecule are distributed to atomic and molecular orbitals, according to their energy
and the Pauli principle. The atomic orbitals 1sC,O and 2sO are low in energy and
not affected. Then, the oxygen is not hybridized, whereas the carbon atom again
forms three 2sp2 orbitals. Two of which form the 𝜎 bond to the two hydrogen atoms
((𝜎CH)2 and (2𝜎CH′)2). The third in-plane sp-hybrid orbital forms a 𝜎 bond with one
of the oxygen’s p-orbitals ((𝜎CO)2). The out-of plane sp orbital forms a 𝜋 double
9
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bond with the according p orbital of the oxygen (((𝜋CO)2)). Which leads to two
remaining electrons in an in-plane p orbital of oxygen. This atomic orbital is not
exactly equal in energy to the p orbital of the isolated oxygen atom, and therefore




which makes the n orbital being the HOMO and the (2𝜋*CO) the LUMO. This is
also sketched in Figure 2.1e. Interesting is this orbital especially in the use of chro-
mophores, as the energy of the n orbital is in between the two 𝜋 orbitals. Additionally,
the n orbital is important for transitions between a molecular singlet and triplet state,
as will be explained in the next section.
2.1.2 Spin States of Molecules
Quantum theory teaches strict rules for the addition of angular momentum. The
internal angular momentum of an electron is the spin. As being fermions, the electron
spin has the value 𝑠 = 1
2
with the z-component of 𝑚 = +1
2
or 𝑚 = −1
2
, abbreviated
with |↑⟩ and |↓⟩, respectively. For the combination of two electrons this leads to a
total spin of either 𝑆 = 0 and z component 𝑀 = 0, or 𝑆 = 1 and 𝑀 = [−1, 0, 1].
The Clebsch-Gordan coefficients give detailed information on how the spins have to
be combined. Notable is that there is only one combination to give zero total spin.
This state is called singlet. But there are three combinations that lead to 𝑆 = 1,
which are energetically degenerated and called triplet (Nolting, 2015). Now, the total
wave function of an electron is given as the product of a spatial wave function and a
spin wave function. The Pauli Principle requires that two electrons always have two
differ in at least one of those contributions, which means that for having the same
spatial wave function (i.e. being in the same atomic orbital), they have to differ in
their spin. This leads to the fact that also in any molecular orbital two electrons of
different spin can be located, but if they differ in their spatial wave function their spin
can be identical. Consequently, the two possibilities of being a singlet or triplet state
transfers from the isolated electrons to a molecule. Thereby, the triplet is always lower
in energy than the respective singlet. This is in accordance with Hund’s rules (Atkins



















Figure 2.2: Two representations of formaldehyde’s energetic states, that look very alike, but contain
different information. Left: the distribution of electrons in the molecule orbitals. Right:
a Jablonski diagram of the molecular states. Adapted from Köhler & Bässler (2015).
are beyond the requirements of this work. The energetic difference between singlet
and the related triplet is sometimes referred to as exchange energy or singlet-triplet
splitting ∆EST (Köhler & Bässler, 2015).
Of importance for the understanding of this work is the correlation between the
electronic configuration in the molecular orbitals as described in the previous section
and the spin state of the molecule. The electronic configuration of the ground state 𝑆0,
the first excited singlet 𝑆1, and the according triplet state 𝑇1 are shown in Figure 2.2.
If the energy needed to promote a molecule to an excited state is drawn with respect
to the 𝑆0, the right part of that figure is obtained. This representation is called
Jablonski Diagram (Pope & Swenberg, 1999). It is very important to have in mind
that even though the two graphics look very alike, the focus of their information
content is quite different.
2.2 Transitions
2.2.1 Jablonski Diagrams
The Jablonski energy diagram in Figure 2.2 is a very simplified version of all the
molecule’s states. Often such diagrams contain more energy levels and additionally
the possible transitions between the states as shown in Figure 2.3. Starting from the
ground state 𝑆0, a molecule can be lifted to a higher state upon photon excitation or
absorption. Without additional disturbances the spin of the electron needs to be con-
served, which results in the fact that nearly exclusively excitation into a singlet state
(e.g. 𝑆1) takes place. In the example of formaldehyde this refers to a transition of an




























Figure 2.3: A Jablonski diagram displaying electronic transitions of a formaldehyde molecule. Ab-
breviations are explained in the text. Adapted from Pope & Swenberg (1999) and
Valeur (2001).
molecule to vibrate. This leads to vibronic sublevel, which are denoted as grey lines
in the graphic. If a molecule ends up in a vibronic state, it will decay non-radiatively
down to the lowest vibronic level of that state. This process is called internal conver-
sion and is sketched using vertical black arrows in the figure. As vibrations on one
part of the molecule can trigger vibrational relaxation on another part of the same
molecule, this process happens on a ps timescale, and thus is always assumed to be the
fastest relaxation process to happen. This justifiable simplification is often summed
up as Kasha’s rule (Turro et al., 2010). Ending up e.g. in 𝑆1, the molecule can decay
radiatively down to 𝑆0. This process is called fluorescence and usually happens on a
nanosecond timescale. Another possibility is intersystem crossing (ISC), which refers
to a spin flip of the excited electron and the transition of the molecule to the 𝑇1 state.
Radiative decays from a triplet state back to 𝑆0 are called phosphorescence and hap-
pen typically with a lifetime between milliseconds and seconds. Another possibility is
the so-called reverse intersystem crossing (RISC), which is an energy consuming pro-
cess and thus strongly dependent on ∆𝐸ST (Scholz et al., 2020). Both from excited
singlets and triplet states non-radiative deactivation is possible. The reason and the
strength for such pathways depends on the environment of the molecule. Amongst
other they originate from collisions with other molecules, vibrations, or interaction
with other molecules (Turro et al., 2010). The ratio between the strength of radiative
to non-radiative decays results in the photoluminescent quantum yield, which will be





































Figure 2.4: Transitions between vibronic sublevel give the structure of absorption and emission
spectra. Consequently, those spectra are mirrored and separated by the Stokes Shift.
Adapted from Pope & Swenberg (1999) and Atkins & Paula (2006).
Both absorption and emission can end up in vibrational sublevel, which leads to
a variety of transition energies that are possible between two well defined states.
This means that often both absorption and emission spectra consist of more than one
contribution. Additionally, those transitions are no delta shaped peaks but are broad-
ened due to the uncertainty principle, thermic vibrations, or intramolecular rotations
(Scholz et al., 2020). Therefore, a variety of Gaussian shaped peaks sums up to give
the finally observed spectrum. Due to the symmetry of the process, the absorption
and the emission spectrum results in a mirrored picture (see Figure 2.4). The resulting
distance between the maxima of absorption and emission is called Stokes shift (Atkins
& Paula, 2006). The vibronic progression, which is the energetic distance between
the individual Gaussians, is defined by the shape of the potential energy curves of the
states (Pope & Swenberg, 1999; Atkins & Paula, 2006; Köhler & Bässler, 2015). The
origin of this shape lies in vibrations and motions of the nuclei of the molecule that
alter the energy of each state (summed up as “reaction coordinate” in Figure 2.4). In
first approximation the potential is often assumed to resemble a harmonic oscillator.
The detailed processes as for example the intensities of the single Gaussians are given
by the Franck-Condon principle.
In the physics of crystal structures, a non-occupied electronic state is usually referred
to as hole, which is defined by inverse properties of an electron. This means a positive
charge and, due to the calculus of the band-structure, a negative effective mass. In the
description of non-crystalline compounds without a band-structure, like amorphous
organic layers, this nomenclature is also applied: When an electron is excited from the
HOMO, a hole remains in the ground state. Holes are quasi particles with analogue
dynamics as electrons (Ibach & Lüth, 1990). A bound pair of a hole and an excited
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electron is called exciton, which again is an electrically neutral quasi particle with
integer spin. If an exciton is localised on one molecule, as always right after photo
excitation, it is called Frenkel exciton. For purely photoluminescent experiments (as
in Part II), the exciton concept is of little relevance and will only be used synonym for
excited molecule. In contrast, for electroluminescent devices like OLEDs (Part III)
they play a more important role and will be discussed there.
2.2.2 Singlet-Triplet Transitions
One point that has not yet been addressed in this chapter but is of utmost importance
for the understanding of this thesis, is the transition of an exciton between singlet
and triplet states. Be it the phosphorescent emission, which plays a key role both
in any biluminescent process and in efficient OLED materials. Or non-radiative ISC,
which can populate triplet states and becomes especially interesting in Chapter 5 and
6.
The transition between states of different multiplicity (e.g. singlets and triplets)
requires a flip of an electron’s spin. In zeroth approximation this is a quantum
mechanically forbidden process. However, the mixture of orbital (𝐿) and spin (𝑆) an-
gular momentum makes this transition possible. Theoretically this is described using
perturbation theory. The LS coupling allows angular momentum to be transferred
from the electron spin to other participants. The most straight forward approach is
the change of an electron between two perpendicular p-orbitals, e.g. 𝑝x → 𝑝y. This
process compensates exactly for the spin flip. Obviously, two perpendicular orbitals
have to be available in the molecule for this process (c.f. Figure 2.5). Looking at the
electronic structure of benzene or ethylene, it becomes clear that this is not the case
here. In the example of formaldehyde however, an electron from the in-plane 𝑛 orbital
of the oxygen can be excited to a 𝜋⋆ orbital, which is perpendicular to the molecular
plane. In general, this is summed up as the El-Sayed’s rule (Marian, 2012; Oxtoby
et al., 2012), stating that transitions between states of different multiplicities are only
allowed if the type of the molecular orbital is changed, like for example when starting
with two electrons in an 𝑛 orbital (abbreviated with 𝑛2), and ending up with one elec-
tron remaining in the 𝑛 orbital and one excited to a 𝜋⋆ orbital. The whole transition
can be written in short as 𝑛2 → 𝑛, 𝜋⋆. The strength of the LS coupling scales mainly
with two factors: First, the energetic distance between the corresponding orbitals.










Figure 2.5: Formaldehyde and ethylene are useful examples to demonstrate El-Sayed’s rule, which
refers to the probability of singlet-triplet transitions. The change between two per-
pendicular p-orbitals enables a spin flip: 𝑛2 → 𝑛, 𝜋⋆ (formaldehyde). In contrast, a
𝜋2 → 𝜋, 𝜋⋆ (ethylene) violates the conservation of angular momentum. Adapted from
Turro et al. (2010).
does not only account for RISC in thermally activated delayed fluorescence (TADF)
in OLED devices, but also for common ISC. More general this is often referred to
as the energy gap law (Marian, 2012). Second, it scales with the atomic number of
the nucleus to which the orbitals belong (Turro et al., 2010). This is also the reason
why heavy atoms are preferably used in phosphorescent organic materials like the
archetypal OLED emitter Ir(ppy)3 (Köhler & Bässler, 2015).
In the example above, El-Sayed’s rule explains a radiative transition including (ISC),
namely phosphorescence. However, the same considerations apply for non-radiative
ISC transitions, as for example from 𝑆1 to 𝑇1. Due to the fact that another orbital
is fully occupied then, it comes to an energetic rearrangement of the energy levels.
In the example of formaldehyde this means: 𝑆1(𝑛, 𝜋⋆)
ISC−−→ 𝑇1(𝜋, 𝜋⋆), where not the
excited state, but the lower state changes its nature from 𝑛 to 𝜋.
Still, phosphorescence and ISC can often be observed in molecules that do not follow
El-Sayed’s rule and neither contain heavy atoms. This is for example the case of TPB
or even biphenyl, as is discussed in Chapter 5. The HOMO-LUMO transition in those
molecules is of 𝜋2 → 𝜋, 𝜋⋆ type. Here it is important to be aware, that El-Sayed’s
rule is principally a phenomenological rule that describes what theoretical quantum
mechanics explains. Consequently, the LS coupling is not an on/off phenomenon, but
scales continuously with the mixture of spin and orbital angular momentum. Actually,





















𝜎 states of the
untwisted
molecule.
Figure 2.6: Twisting the ethylene molecule leads to a mixing of the molecular orbitals 𝜎, 𝜋, 𝜎⋆ and
𝜋⋆. The resulting orbitals Φ and Φ⋆ have a mixed symmetry and different energy levels.
Adapted from Danovich et al. (1998).
but together anyway (Marian, 2012). Nonetheless, the observation of phosphorescence
at room temperature from e.g. biphenyl shows that the rate of ISC is comparable to
vibrational deactivation. This requires further explanations on how the ISC becomes
enhanced. One try to answer that question in the literature is the following unlikely
scenario: Looking on benzene again, upon vibration, a bound hydrogen atom could
be displaced from the molecular plane. Consequently, a mixture of a 𝜎 and a 𝜋
orbital can happen. A transition between this mixed state and a 𝜋⋆ state would obey
El-Sayed’s rule. Due to the fact that such a strong displacement of the hydrogen
atom requires a lot of energy, this theory seems unlikely (Turro et al., 2010). Another
explanation is the rotation of a 𝜋 (double) bond. Let’s have a look on the example
of ethylene again (Figure 2.5). This is a quite nice example, as it is relatively simple,
often discussed in the literature and present in the core element of TPB, a molecule
used throughout this thesis. A rotation of 90∘ between the two carbon atoms leads
to a break of the 𝜋 bond and as a consequence to two orthogonal non-bonding p
orbitals. However, at angles between 0∘ and 90∘, a mixture of the pure 𝜋 and 𝜋⋆,
and 𝜎 and 𝜎⋆ orbitals appears (see Figure 2.6). This mixture again leads to non-
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zero contributions of spin-orbit coupling and thus promotes ISC. This theoretical
deduction by Danovich et al. (1998) is meanwhile substantiated by further reports
about an enhanced ISC due to twists in ethylene bonds in the molecular structure
(Marian, 2012; Salla et al., 2019). This behaviour is also confirmed in the experiments
performed in this thesis and is assumed to be one origin of effective RTP in larger
organic molecules (cf. Chapter 5).
A last pathway to enhance ISC crossing that is often exploited in literature includes a
charge transfer process. The state when the electron of an exciton is transferred from
one molecule to an adjacent, whereas the hole stays back, is called a charge transfer
(CT) state. As it still is an exciton, it obviously can be in a triplet or singlet state.
A borderline case of a CT state is the situation, where the exciton is still located on
one and the same molecule, but the spatial part of the electronic wave function in the
ground state has little or no overlap with that of the excited state. This is called an
intramolecular CT state. They often provide two characteristics already discussed to
enhance ISC: First, they are located on twisted moieties of a molecule. Second, they
comprise a low ∆𝐸ST (Uoyama et al., 2012; Scholz et al., 2020).
2.3 Non-Linear Processes
So far, only intramolecular electronic transitions have been discussed. Those were
basically fluorescence, phosphorescence, internal conversion and (reverse) intersys-
tem crossing. Additional to those fundamental processes, intermolecular interactions
can take place whenever the molecules are not isolated. Only in the rarest cases (e.g.
in single molecules spectroscopy) single molecules can be observed. Intermolecular in-
teractions can both take place between two molecules of the same kind and of different
kinds. Both cases can be encountered in amorphous solid state samples, crystalline
structures or solutions, which covers the majority of reports in the literature. The
according physical mechanisms vary between the processes, but most of them lead to
the loss of an exciton. Therefore, they are typical sources for quenching in a sample
and need further consideration.
2.3.1 Förster and Dexter Transfer
To enable any interaction between molecules there must be an exchange of either
electrons or energy. Therefore, at least one of the involved molecules (the donor)
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needs to be in an excited state. The molecule receiving the electron or energy is
called acceptor.
The first case – the exchange of an electron – is called Dexter transfer (Lakow-
icz, 2006). To enable this transition, an overlap of the molecular orbitals of the two
corresponding molecules is required. This can only be the case if the two molecules are
in close vicinity around 10 Å (Turro et al., 2010), which makes this transfer strongly
distance dependent and it only takes place at high luminophore concentrations. Ad-
ditionally, Dexter already showed in his original publication, that the spin of the
molecules is conserved during electron exchange (Dexter, 1953). However, a spin
flip on both molecules simultaneously is possible, which will become important in
triplet-triplet annihilation processes.
The second interaction mechanism is the sole energy transfer, the so called Förster
resonant energy transfer (FRET). In this case, the two molecules interact via dipole-
dipole coupling. An electron in an excited state can be modelled as a radiating dipole.
Another molecule can be coupled to this radiation, if there is a certain resonance to
the wavelength of it. This ability scales with the spectral overlap between the emission
of the donor and the absorption of the acceptor (Turro et al., 2010). Due to this fact,
it is also compared to the exchange of a virtual photon. It is important to note, that
this is contrary to the exchange of a real photon. Let’s sketch the difference: In a
reabsorption process (real photon exchange), the donor is not affected by the presence
of any acceptor molecule. Hence, the radiative lifetime is not changed compared
to isolated donor molecules. Also the distance between donor and acceptor does
not play a crucial role, as long as the photon is not absorbed. In contrast to this
FRET (virtual photon) is the simultaneous coupling of the donor to the acceptor,
which introduces an additional pathway for the donor to relax to the ground state
and consequently the lifetime is shortened (Förster, 1949). Also in dependence on
the distance between the molecules, FRET decreases faster than sole reabsorption.
However, there is one important common feature between a real and a virtual photon
exchange: the interaction itself is not spin conservative (Kirch et al., 2019).
2.3.2 Bimolecular Annihilation Processes
Due to the interactions described above, not only an excited donor and a ground
state acceptor can interact, but also two excited molecules. For simplicity only inter-
actions between two excited molecules of a kind are considered here. Three possible
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combinations of excitons can appear: two singlets, one singlet and one triplet, and
two triplets.
If two singlet excitons meet, singlet-singlet annihilation (SSA) can happen. This
means, that via FRET the energy of one molecule is transferred to the other, which
mostly relaxes non-radiatively back to 𝑆1:
𝑆1 + 𝑆1 → 𝑆n>1 + 𝑆0 → 𝑆1 + ℎ𝑒𝑎𝑡 + 𝑆0
This finally leads to the fact that the fluorescent intensity does not scale linearly with
the excitation intensity (Köhler & Bässler, 2015). FRET SSA is also the main origin
of “concentration quenching” in fluorophores.
For the case of singlet-triplet annihilation (STA) the situation is a bit different and one
has to differentiate. In literature it is sometimes discussed that due to the conservation
of spin, STA must always result in a final excited triplet and a singlet ground-state
(Köhler & Bässler, 2015). However, this only holds true for Dexter type energy
transfer, as FRET is not spin conservative. In the case of Förster STA, which is the
dominant process at higher molecular distances, only the strongly different ratio of
the singlet’s and the triplet’s lifetime make it plausible that the molecule in the 𝑇1
state is lifted to a higher triplet state:
𝑆1 + 𝑇1 → 𝑆0 + 𝑇n>1 → 𝑆0 + 𝑇1 + ℎ𝑒𝑎𝑡
Nonetheless, if the conservation of energy allows it, Förster mediated STA could also
result in two singlets.
The last case is the interaction of two triplets, the triplet-triplet annihilation (TTA).
Here again one has to differentiate between FRET-based TTA and Dexter-based
TTA. In the first case, the energy of one molecule lifts the other into a higher triplet
state from where it decays non-radiatively back to 𝑇1. The Dexter type TTA is
more complicated, but from a physical point of view also more interesting. Now
the total spin needs to be conserved, which consists of the spin of four electrons.
However, the considerations are simpler and equally correct, if one takes the two
triplets as spin-one bosons. Quantum mechanics teaches us that upon summation of
angular momentum (𝑗1 and 𝑗2) the total resulting momentum 𝐽 ranges from |𝑗1 − 𝑗2|
to 𝑗1 + 𝑗2. The respective z-components 𝑀 have the values −𝐽,−𝐽 + 1, . . . , 𝐽 − 1, 𝐽 ,
which gives 2𝐽+1 possible configurations (Nolting, 2015). Thus, two spin one triplets
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result in 𝐽 = [0, 1, 2]. With 2𝐽 + 1 states each, this makes a singlet state, a triplet
state, and a quintet state (Mozumder & Pimblott, 1990; Turro et al., 2010; Köhler &
Bässler, 2015). Yet, the quintet state is normally not observed as it can result higher
in energy than two triplets (Mozumder & Pimblott, 1990). TTA can be summed up
in the following scheme:
Förster type TTA: 𝑇1 + 𝑇1 → 𝑆0 + 𝑇1 + ℎ𝑒𝑎𝑡
Dexter type TTA: 𝑇1 + 𝑇1 →
⎧⎪⎪⎪⎨⎪⎪⎪⎩
𝑆4𝑒− → 𝑆0 + 𝑆1 + ℎ𝑒𝑎𝑡
𝑇4𝑒− → 𝑆0 + 𝑇1 + ℎ𝑒𝑎𝑡
𝑄4𝑒− → 𝑇1 + 𝑇1
The subscript 4𝑒− means that the respective state is a four electron state. In any
of the discussed cases, two excitons interact and result in a molecule in the ground
state and one excited molecule. Effectively, one exciton is lost to heat. Therefore, all
those processes are called annihilation mechanisms. Nonetheless, those are not the
only ways how excitons can be lost in a luminescent sample, as is discussed in the
next subsection.
2.3.3 Other Quenching Mechanisms
Quenching is the term used to express that a molecule is mediated radiationless from
an excited to the ground state. It is a general term without further specification about
the physical mechanism behind. If this is of interest, it needs explicit clarification like
in the case of “oxygen quenching”. In this case, a molecule in an excited triplet state
interacts with elemental oxygen. As it is of basic importance for the understanding
of biluminescence and room-temperature phosphorescence, it is discussed a bit more
in detail in the following.
Molecular oxygen has the form of a diatomic molecule: O2. Hence, it is a molecule
with 16 electrons, that are placed in molecular orbitals. As written in subsection 2.1.1,
atomic orbitals combine and form molecular orbitals. In the case of benzene it has
been shown that the resulting orbitals can be energetically degenerated. All states
are now filled with electrons according to Hund’s rule. The second rule states that
in not closed shell configurations, the spin of the respective electrons needs to be
maximized. In benzene this has not been applied as the two highest energy levels
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carry two electrons each. Now in the case of oxygen, the HOMO is made up of two 𝜋⋆
orbitals, which are occupied by only one electron each! Consequently, they align with
parallel spin, which gives oxygen the rare property of a triplet ground state. The
first electron configuration that is higher in energy, is just the violation of Hund’s
rule: Occupying one of the degenerate orbitals with two electrons having antiparallel
spin. Obviously, this is now a singlet state. In conclusion, in oxygen the energetic
situation is just contrary to organic molecules: The ground state is a triplet, and the
first excited state a singlet (Turro et al., 2010). When oxygen is present in or diffuses
through a sample containing excited organic molecules (M), those can interact. In
the case of an excited singlet molecule (𝑆1), an STA like process can appear:
𝑆1 +
3𝑂2 → 𝑇1 + 1𝑂2.
As the energy needs to be conserved, this process requires a ∆𝐸ST that is larger than
the excitation energy of oxygen. Still, it is of course a question of rates and the
oxygen concentration if this process takes place. For archetypal RTP molecules like
TPB, ∆𝐸ST is around 0.9 eV and thus smaller than the excitation energy of oxygen
(0.98 eV, Turro et al. (2010)). Even for molecules like biphenyl, that comprise a larger
energy gap ∆𝐸ST, singlet quenching is not observed in samples as produced in this
thesis. Very efficient on the other hand is the quenching of excited triplet states by
oxygen. Here, the same rules hold true as for Dexter type TTA. Just that the quintet
state tends to dissociate back to the original state (𝑇1 and 3𝑂2). Both other cases,
the total spin singlet and triplet, lead to a radiationless decay of the excited triplet
molecule down to 𝑆0:
𝑇1 +
3𝑂2 →
⎧⎨⎩𝑆4𝑒− → 𝑆1 + 1𝑂2𝑇4𝑒− → 𝑆1 + 3𝑂2
As the inherent lifetime of the excited triplet is in the 0.1 s range, oxygen quenching
is very efficient here. Figure 2.7 shows the luminescent spectrum of a TPB solid state
sample, once under ambient, and once under inert conditions. It can be seen that
only in the absence of oxygen an emission band around 500 nm to 600 nm appears,
which is phosphorescent emission.
Other quenching processes like the formation of excited complexes, or triggered chem-
ical reactions are known in literature (Lakowicz, 2006; Turro et al., 2010). All of
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Figure 2.7: The emission spectrum of TPB under ambient and inert conditions, respectively. The
leading small peak at 365 nm is the residual excitation light. The first broad feature
around 400 nm is the fluorescence, visible in both cases. Only in the absence of oxygen
the phosphorescence is visible above 500 nm.
the mechanisms discussed so far rely on a very short distance between the involved
molecules. Therefore, they are often summarized with the phrase “collisional quench-
ing”.
2.4 Room-Temperature Phosphorescence and
Biluminescence
In the previous sections, fluorescence and phosphorescence of organic molecules have
been introduced. It was explained how transitions between those states are possi-
ble and which quenching effects may be selective to one or the other spin state of a
molecule. This section focuses more on the ratio between fluorescent and phosphores-
cent decays of a given excited organic molecule. As both absorption of a photon and
fluorescence do not require a spin flip of an electron, these are fast processes and for
many years have been the normal case in organic luminescence (Kenry et al., 2019).
However, upon electrical excitation like in organic light-emitting diodes, many triplet
excitons are generated directly (for details see Part III). Consequently, an efficient
way to harvest those triplets for radiation has been and still is an important topic, be it
for delayed fluorescence (Uoyama et al., 2012), or phosphorescent emission (Hofmann
et al., 2013; Li et al., 2018b). Also in photoluminescent scenarios, excited triplet states
triggered a lot of scientific interest. Properties like the long radiative lifetime make in-
teresting applications possible (An et al., 2015; Zhen et al., 2017; Gmelch et al., 2019).
Also the relatively simple production of singlet oxygen is a useful feature (Kochevar
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& Redmond, 2000; DeRosa, 2002). This motivation led to an extensive study on how
the phosphorescence of organic molecules can be enhanced. The trivial case is the
reduction of the vibronic decoupling through low temperatures. Those experiments
are normally carried out in liquid nitrogen, and hence at 77 K (McClure, 1949; Lim
& Li, 1970). The additional experimental effort and the low integrability in possible
applications reduce the usefulness of this way drastically.
In contrast to this, many recent works aim for organic phosphorescence at room
temperature (Hirata, 2017; Salas Redondo et al., 2017; Kenry et al., 2019; Salla
et al., 2019). To enhance the phosphorescence two main aspects have to be taken
into account: First, due to the long lifetime, the triplet is sensitive to vibrational
deactivation. Therefore, some packaging needs to be find to reduce the vibrational
freedom of the luminophores. This is amongst others achieved by crystallization
(Yuan et al., 2010; Bergamini et al., 2013; Gong et al., 2015), H-aggregation (Ahn
et al., 2007), or the embedding into rigid matrices (Tsuboi et al., 2009; Hirata
et al., 2013; Louis et al., 2019). Second, the intersystem crossing rate needs to be
promoted. The straight forward and maybe most efficient way to achieve this, is the
inclusion of heavy atoms in the organic molecules. As those materials are often expen-
sive rare earths (e.g. iridium) or toxic elements (e.g. bromine), much effort is spend
in so-called purely organic RTP molecules. Those do not contain any metal atoms.
Of course the questions arises on how to increase the ISC and consecutive phosphores-
cence in such material. As written in the previous section, this can either be achieved
through the inclusion of n-orbitals (Yuan et al., 2010; Zhao et al., 2016), a twist in
the molecular structure (Danovich et al., 1998; Marian, 2012; Salla et al., 2019; Fries
et al., 2020), or a donor-acceptor-based approach (Kabe & Adachi, 2017).
Most reports, especially the ones exploiting the heavy-atom effect, concentrate on
the sole enhancement of the phosphorescence. However, interesting applications arise
from the possibility of having both fluorescence and phosphorescence from one molec-
ular species at a time (Gmelch et al., 2019). This effect is sometimes referred to as
dual state emission (Reineke et al., 2013; Ratzke et al., 2016) or biluminescence (Salas
Redondo et al., 2017; Bhatia et al., 2018). In the case of biluminescence compared to
pure RTP, several additional features have to be taken into account, but also widen
the field of possible applications: First, as the triplet level is always lower in energy
than the according singlet, the emissions from those states are spectrally separated.
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Figure 2.8: The different lifetimes of a biluminophore in a transient intensity measurement. In the
left graph, the intense fluorescence follows the switch on/off of the excitation source
(from −4 s till 0 s). At 𝑡 = 0, the light source is switched off, and only the delayed
phosphorescence is detected. The right hand graphs show two different fits of the
decay: mono and double exponential. The residual reveals that a mono exponential
fit is insufficient even though the resulting lifetimes are very close: 𝜏mono = 702ms,
𝜏double = 720ms.
108 (Brütting, 2005). Third, the singlet state gets way less, if at all quenched by
molecular oxygen, whereas the triplet state is quenched so efficiently that phospho-
rescent emission is completely suppressed. As singlet oxygen is highly reactive, it
can happen that it is embedded into the polymer matrix. Consequently, this process
reduces the amount of molecular oxygen in the sample (Enko et al., 2013). If a barrier
layer hinders the refilling of oxygen, this effect can be used to create luminescent tags
within a biluminescent film (Gmelch et al., 2019).
The large difference in the lifetimes can nicely be mapped in transient excitation mea-
surements under inert conditions. This is a time-dependent detection of the emission
intensity of a biluminescent dye, where the sample is first exposed to excitation light
(cf. Figure 2.8). As the direct luminescence is mainly fluorescence, it instantly follows
the switch-on of the light source (𝑡 = −3 s). At 𝑡 = 0, the light source is switched off,
which leads to a simultaneous stop of fluorescence. Yet, the intensity does not drop
to zero, as the phosphorescence decays only slowly and drops to noise level not before
𝑡 = 3 − 4 s. In the idealized case of isolated molecules, the phosphorescent afterglow
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follows an exponential law, similar to other stochastic processes like the radioactive
decay (Lakowicz, 2006; Tipler & Mosca, 2019):
𝐼(𝑡) = 𝐼0 · exp−𝑡/𝜏P . (2.2)
The time constant describing the velocity of the random decay process is the lifetime
of the triplet state 𝜏P. 𝐼0 is the initial intensity at 𝑡 = 0. In a semi-logarithmic plot,
an exponential law is a straight line. Due to non-linear interactions, a so-called multi-
exponential decay can often be observed which leads to a “banana-shaped” distortion
of the curve in logarithmic scale. As in the time, when the light source has been
switched off no singlets are present, this can mainly be attributed to TTA. Therefore,
a double exponential fit tends to resemble the decay curve:
𝐼(𝑡) = 𝐴1 · exp−𝑡/𝜏1 +𝐴2 · exp−𝑡/𝜏2 , (2.3)
with two different lifetimes and amplitudes (𝐴1, 𝐴2). The triplet’s lifetime may then
be assumed to be the averaged of the two (Lakowicz, 2006):
𝜏P ≈ 𝜏 =
𝐴1 · 𝜏 21 + 𝐴2 · 𝜏 22
𝐴1 · 𝜏1 + 𝐴2 · 𝜏2
(2.4)
Other representations for the averaged lifetime exist, but this one takes care of the
different shares of the two exponentials on the total decay and is called intensity
averaged lifetime (Lakowicz, 2006). On the right hand side of Figure 2.8, an example
is shown, where a mono and a double exponential fit is applied to a data set. The
residual, which is the difference between fit and experiment, is plotted below the
decays. Especially the rather pronounced oscillation of the residual in the case of
the monoexponential fit, reveals that a double exponential fit is better suited here.
Another indicator of an insufficient fit, is a quantitatively large residual, even though
in this example it is similar for both fit functions.
2.5 Rate Equations for Luminescent Molecules
To quantify the share of various deactivation processes within all possible pathways,
it is useful to take the speed of each mechanism as a measure. Therefore a transition
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rate is defined in the unit s−1. Many key quantities like for example the lifetime 𝜏 , or
the photoluminescent quantum yield (PLQY, 𝜑) can be expressed in rate equations:
𝜏F =
1
𝑘r,F + 𝑘nr,F + 𝑘ISC
, (2.5)
𝜑F = 𝑘r,F · 𝜏F, (2.6)
where 𝑘r and 𝑘nr denote the radiative and non-radiative rate, respectively. The sub-
script F indicates a fluorescent process. The PLQY of the phosphorescence is defined
analogue, just extended by the efficiency of the ISC 𝜑ISC:
𝜏P =
1
𝑘r,P + 𝑘nr,P + 𝑘RISC
, (2.7)
𝜑ISC = 𝑘ISC · 𝜏F, (2.8)
𝜑P = 𝜑ISC · 𝑘r,P · 𝜏P. (2.9)
It is obvious that the knowledge of each rate would give way more physical insight
than just for example the lifetime. Nonetheless, the rates are not directly measurable.
Therefore, the experimental procedure is normally the other way round: With ade-
quate measurements many properties as possible are quantified and consecutively the
rates are calculated or estimated (Kawamura et al., 2004b; Gong et al., 2015; Einzinger
et al., 2017).
A theoretical tool to reconstruct time dependent intensity trends is to calculate the
concentration of singlet and triplet excitons at each time step. This is both powerful,
but also depends on a profound knowledge of the inherent processes. Let [𝑆] be
the density of singlet states and [𝑇 ] the one of triplet states. Note that the density
of the ground state molecules [𝑆0] is limited by [𝑁 ], the totally available molecular
density: [𝑆0] = [𝑁 ] − [𝑆𝑛>0] − [𝑇𝑛>0]. In the following differential state equations
several assumptions have been made to reduce the complexity of the system:
• Absorption only takes place between 𝑆0 and 𝑆1, at a rate 𝑘exc.
• Kasha’s rule is strictly applied, hence no vibronic transitions are taken into
account (see Section 2.2).
• Any excitation immediately relaxes non-radiatively down to the first excited
state [𝑆1] and [𝑇1].
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• Each molecule only contains one chromophore, which makes it inaccessible for
multiple excitations.
With this simplifications the following coupled differential equations represent the
processes in a luminophore upon photo excitation:
d[𝑆1]
d𝑡
= 𝑘exc[𝑆0] − (𝑘r,F + 𝑘nr,F + 𝑘ISC) [𝑆1] + 𝑘RISC[𝑇1]
+ 𝛼 · 𝜅TTA[𝑇1]2 − 𝜅STA[𝑆1][𝑇1] − 𝜅SSA[𝑆1]2
d[𝑇1]
d𝑡
= 𝑘ISC[𝑆1] − (𝑘r,P + 𝑘nr,P + 𝑘RISC) [𝑇1]
− (1 + 𝛼) · 𝜅TTA[𝑇1]2
(2.10)
The first line of each equation describes the mono-molecular processes, whereas the
second line the bi-molecular ones. 𝜅TTA, 𝜅STA, and 𝜅SSA determine the strength of
the respective process. They are called rate coefficients as only the multiplication
with a state concentration makes them a rate, e.g. 𝑘TTA = 𝜅TTA · [𝑇1]. The factor 𝛼
takes care of the fact that TTA can give either a singlet or a triplet. If only Förster
TTA takes place, each TTA quenches one triplet which results in 𝛼 = 0. If each TTA
surely gave a singlet (which is unphysical), 𝛼 would be 1. Note, that this is still a
simplification, as the ratio of Förster and Dexter type TTA depends on the distance
between the excited molecules. Ignoring exciton diffusion in highly diluted solid state
samples, 𝜅TTA is actually a function of the number of excited states: 𝜅TTA = 𝑓 ([𝑇1])
(van Eersel et al., 2015).
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3 Methods and Techniques
This chapter covers the experimental methods that led to the findings discussed in
the next chapters. The measurement setups will be introduced and their function-
ality explained with the required level of detail. The whole range of molecules used
throughout the thesis, the preparation of thin film samples and also computational
evaluation techniques will be presented.
3.1 Materials
3.1.1 Materials for Biluminescence and RTP Experiments
The samples consist of an amorphous host:guest layer on quartz glass substrates.
The matrix or host material is the polymer poly(methyl methacrylat) (PMMA) with
an average molecular weight of 550 000 g/mol and was purchased from Alfa Aesar.
The emitter molecules that are discussed in this thesis were all bought from Sigma
Aldrich or synthesized by chemists in the institute. Namely they are: biphenyl,
triphenylamine (TPA), N,N’-diphenylbenzidine (DPB), 4,4’-diaminobiphenyl (ben-
zidine), tetra-N-phenylbenzidine (TPB), N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-bi-
phenyl)-4,4’-diamine (NPB), 4,4’-bis(diphenylamino)terphenyl (3P-TPB), and four
different brominated versions of TPB which will be discussed in Chapter 6. The
molecular structures of all mentioned materials can be found in Figure 3.1, where
also the PL spectra of OLED-emitter molecules are shown.
3.1.2 OLED Materials
The materials used for OLEDs, are listed in the following together with used doping
concentrations.
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Figure 3.1: The molecular structures of all the materials used in this thesis. Short names are used
here, but long names can be found in the text. Additionally, the spectra of the emitter




or N,N’-((diphenyl-N,N’-bis)9,9,-dimethyl-fluoren-2-yl)-benzidine (BF-DPB) doped
with 4 wt% of 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ).
ETL: 4,7-diphenyl-1,10-phenanthroline (BPhen) doped with Cs, where the doping
ratio is defined by a test to achieve a conductivity of 10−5 S/cm.
HBL: BPhen or aluminum(III)bis(2-methyl-8-quninolinato)-4-phenylphenolate (B-
Alq2).
EBL: 2,2’,7,7’-tetrakis-(N,N-diphenylamino)-9,9’-spirobifluorene (Spiro-TAD) or N,-
N’-di(naphthalen-1-yl)-N,N’-diphenylbenzidine (NPB).
EML: Blue emission is obtained from N,N’-di-1-naphthalenyl-N,N’-diphenyl-[1,1’:-
4’,1”:4”,1” ’-quaterphenyl]-4,4” ’-diamine (4P-NPD), green emission from tris(2-phenyl-
pyridine)iridium(III) (Ir(ppy)3) or bis(2-phenylpyridine)iridium(III)acetylacetonate
(Ir(ppy)2(acac)), each is doped at 8 wt% in a double layer of 4,4’,4”-tris(N-carba-
zolyl)triphenylamine (TCTA) and 2,2’,2”-(1,3,5-phenylen)tris(1-phenyl-1H-benzimi-
dazol) (TPBi), yellow emission emerges from iridium(III)bis(2-(9,9-dihexylfluorenyl)-
1-pyridine)(acetylacetonate) (Ir(dhfpy)2(acac)) doped at 8 wt% in a double layer of
TCTA and TPBi, and red emission either from tris(1-phenylisoquinoline)iridium(III)
(Ir(piq)3) or from iridium( III )bis(2 -methyldibenzo -[f,h] chinoxalin)(acetylacetonat)
(Ir(MDQ)2(acac)), each doped at 10 wt% in a layer of NPB.
3.1.3 PLQY Reference Samples
Some of the reference samples in subsection 4.4.1 are from the list of the EMLs
above. Others contain: 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP), 2-methyl-9,10-
bis(naphthalen-2-yl)anthracene (MADN) doped with 1.5 wt% of 2,5,8,11-tetra-tert-




Most of the samples examined in Part II have been produced using a spin-coater.
They were prepared from two solutions: If not stated differently, the solvent was
anisole, the guest molecules were dissolved at a concentration of 10 mg/mL, and the
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host (PMMA) at a concentration of 80 mg/mL. Both solutions were stirred at 80∘C,
until no solid content remained. The amount of guest-solution that needs to be mixed
into the PMMA solution is determined by the required final guest concentration in
the film. As the viscosity of the PMMA solution is quite high, systematic deviations
appear when pipetting it. However, if the guest solution is mixed into the PMMA
solution, there is no error in the resulting host:guest ratio.
A certain amount (usually 150 µL) of the final solution is pipetted onto quartz-glass
substrates and is applied onto a spin coater, where it is spun at a velocity of 2000 rpm
for 60 s. The thickness of the films resulted around 800 nm, which could have easily
been varied using a different spin velocity. The thickness of a spin-coated film scales
with the spin velocity 𝜔 like 1/√𝜔 (Ossila.com, 2020). In the case that the exact
thickness was of importance (like for example in the case of the brominated TPB in
Chapter 6), it has been measured using a profilometer (Veeco Dektak 150).
3.2.2 Thermal Evaporation
The PLQY reference samples in subsection 4.4.1, and all the OLED layers, were
produced using thermal evaporation. Non-coated substrates are either made of quartz
or standard glass (EAGLE XGr, Corning, Inc.). Indium-tin oxide (ITO) electrodes
are bought pre-coated on glass substrates (Thin Film Devices, Inc.). The sample
preparation has not been carried out by myself, but by a team of technicians. They
run a setup from the Kurt J. Lesker Company, which is kept under a base pressure of
10−6 − 10−7 mbar. Metals and organic materials are deposited using physical vapour
deposition (PVD). They are heated in crucibles, located at the bottom of the chamber,
to their sublimation temperature (cf. Figure 3.2a). When the vapour reaches the
substrate, it resublimes. The wafer size is 6x6 inches, where 4x4 samples of a size
of 1x1 inch can be produced at a time. The 16 resulting samples can be different,
whereas each sample contains four identical OLED pixel (cf. Figure 3.2b). The
wafer can be rotated during the evaporation process to ensure more homogeneous
layers. The deposition rate is monitored using quartz crystal micro-balances (QCM).
Different structures are realized using shadow masks that are placed right in front
of the substrate. Co-evaporation of several materials is possible to produce doped
layers.
An encapsulation prevents exposure of the organic layers to oxygen, water, and me-
chanical stress. Finally, the wafer can be cut into 16 individual samples.
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Figure 3.2: a) A sketch of a deposition chambers for OLED and other evaporated thin film fabri-
cation. b) The layout of a complete wafer contains up to 16 different samples, carrying
four identical OLEDs each.
3.3 Setups for Photoluminescent characterization
The list of experimental setups explained here, is restricted only to the ones that are
required to understand the experimental findings described in this thesis. Further
tools were used during the evolution of the experiments, as for example a setup for
absorbance measurements, but are not of importance for the final findings.
3.3.1 Enterprise
A setup of very basic importance in this thesis is the so-called “Enterprise”, which has
been installed during a previous thesis by Anton Kirch and is of continuous develop-
ment. Its use is the PL characterization of biluminescent samples. In Figure 3.3 the
stage of the setup is sketched as it was in during the time of my experiments. The
whole setup is light and air tight and can be flooded with nitrogen to prevent oxygen
quenching and hence enable RTP spectroscopy.
As excitation source mounted LEDs of several centre wavelengths can be attached
(Thorlabs Inc., e.g. M365L1). Their emission spectrum is narrowed and cleaned via
band pass filters. Subsequently, the excitation light passes a beam splitter that can
be used to track intensity fluctuations of the light source using a photodiode (PDA
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Figure 3.3: The “Enterprise” setup. The parts are: a) LED, b) beam splitter cube, c) tracking
photodiode for the LED intensity, d) sample box with sample, e) spectrometer head
in edge-emission position, f) optional face-emission position for the spectrometer head,
g) photodiode for transient intensity measurements. Additionally, positions of lenses
and optical filter, and the beam path of the excitation light (violet) are sketched.
100A, Thorlabs Inc.). Afterwards it hits the sample in an angle of 90∘. For the
detection of the emission, several possibilities exist:
PL Emission Spectra
Using a CAS 140CTS spectrometer (Instrument Systems), PL spectra of the samples
can be detected in the range from 250 to 800 nm. This can be done under continuous
wave (cw) conditions, or in a triggered mode. The trigger signal is provided by the
function generator TGP 3122 (AIM-TTI Instruments) and also ensures the synchro-
nization with a triggered LED. That way, delayed emission can be isolated from the
prompt one. In total, the setup allows the detection of three different types of spectra:
Fluorescence only, fluorescence and phosphorescence at a time, and phosphorescence
only. The spectrometer head can be placed in either edge or in face emission position
with respect to the samples surface. Both ways have their advantages, but also suffer
some restrictions.
Edge emission detection: Due to the fact that the excitation light mainly travels
through the device and hits the backside wall of the sample box, no direct illumination
of the detector head happens. This is an efficient and wavelength independent way
to filter out the excitation light from the PL emission, resulting in a very good signal
quality. The major drawback here is that due to wave-guiding effects, reabsorption
in the film can distort the actual emission spectrum. This prohibits the comparison
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of spectral shapes between samples. Nonetheless, both the wavelength regime of
emission and the energetic landscape of vibronic modes is still correctly measurable.
Face emission detection: Those waveguide effects are strongly suppressed measuring
right behind the sample. The strong intensity of excitation light at this position
makes the use of optical filter inevitable. Though, often enough no adequate filter
is available or excitation and emission are spectrally not sufficiently separated. In
this case the true shape of most of the PL emission may be measured but probably
misses some contributions in the high-energy part. Hence, an analysis of the energetic
landscape of the molecule is not possible that way.
To escape from those restrictions, an enhancement of the Enterprise is going on that
will allow a shallow angle excitation, use an optical trap to reduce the impact of
strayed excitation light, and measure in face emission orientation.
Transient Intensity Measurements
The time-dependent emission-intensity can be tracked using another photo diode and
an oscilloscope (Infiniium 500 MHz, Hewlett Packard). The photo diode is also located
in edge emission position, which is no problem in this case as only time dependent
changes are of interest. Using the excitation LED in a triggered mode again, time
dependent measurements can be performed. The speed of the photodiode (∼ 100 µs)
limits this measurement to the determination of the phosphorescent lifetime.
3.3.2 Time-Correlated Single Photon Counting
Lifetimes in the pico- to microsecond regime can be measured using time-correlated
single photon counting (TCSPC). A pulsed picosecond laser diode of 375 nm (LDH-D-
C-375M, PicoQuant), provides short and sharp excitation pulses that hit the sample.
The emission light is spectrally filtered using a SpectraPro HRS-300 spectrograph
(Princeton Instruments) and detected by a hybrid photomultiplier detector (PMA
Hybrid 40, PicoQuant). The signal computation is performed by the TCSPC board
TimeHarp 260 (PicoQuant). Also in this setup, the sample can be put under nitro-
gen atmosphere during the measurement. At the beginning of any experiment, an
instrument response function needs to be acquired that contains information about
the signal width of the excitation pulse, but also about influences of the experimental
setup. This is done using a diffusively scattering sample and setting the detection
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to the wavelength of the excitation light. The obtained signal is used for the re-
convolution evaluation routine. That way, lifetimes in the picoseconds-range can be
detected.
3.3.3 PLQY Setup
To measure the photoluminescent quantum yield (PLQY), several excitation lights
can be chosen. LEDs of various centre-wavelengths are available (Thorlabs Inc.).
Their emission light was collimated and filtered using lenses and band pass filters, re-
spectively. At a later stage of this thesis, a tunable light source (TLS) was purchased.
This is a combination of a housed 300 W xenon arc-lamp and a monochromator (MSH-
300, LOT-QuantumDesign, or QuantumDesign Europe by now). Now, the user can
choose between LED-excitation or the TLS. The light is coupled into an integrating
sphere of a diameter of 6 inch (Rt-060, Labsphere) and detected by the same CAS
140CTS spectrometer (Instrument Systems GmbH) as is used for the photolumines-
cence (PL) measurements. For measurement and evaluation details see Chapter 4.
Figure 3.4 shows the latest stage of the experimental setup. It was developed together
with the whole team and combines the “Enterprise” setup, the TLS, and the PLQY
setup. To choose if the TLS is used in either the “Enterprise” or the PLQY sphere, a
prism can be inserted in the light path.
3.3.4 Fluoromax
For measurements of fluorescence and excitation spectra, a SPEX FluoroMax (Horiba
Ltd.) is used. Here, the face emission of the samples is detected, but no other
atmosphere than ambient conditions can be applied. In comparison to absorption
measurements, the detection of the excitation suffers less influences from the substrate
and the matrix. The principle is that the detection wavelength is set to one fixed
value in the maximum of emission of the dye. Then the excitation wavelength is
varied and the according emission intensity is recorded.
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Figure 3.4: The experimental setup at a late stage of this thesis. The parts are: a) LED, b) inte-
grating sphere with rotatable sample holder, the spectrometer port is on the bottom
side, c) spectrometer head in edge-emission position, d) optional face-emission position
for the spectrometer head, e) photodiode for transient intensity measurements, f) sam-
ple box with sample, g) optional prism do guide light from the xenon light source to
the sample in f), h) pinhole, i) shutter for time dependent measurements when using
the xenon light source, j) Czerny-Turner monochromator with three selectable grat-
ings, and k) xenon light source. Additionally, positions of lenses and optical filter are
sketched.
3.4 Setups for OLED characterization
The electroluminescence of each OLED is characterized under direct current (DC)
conditions. In the case of AC/DC OLEDs each unit can be addressed independently
setting an appropriate polarity.
3.4.1 DC Electroluminescence
The electrical properties are given by the 𝑗𝑉 𝐿-dependency (𝑗 - current density, 𝑉 -
voltage, 𝐿 - luminance), which is measured using a source-measure unit (SMU2400,
Keithley Instruments) in combination with a silicon photodiode. At the same time, a
calibrated spectrometer (CAS140 CT, Instrument Systems GmbH), which is placed
vertically over the OLEDs, measures the emission spectra and the spectral radiance.
That way, both the EQE and the luminous efficacy are determined under the as-
sumption of Lambertian emission. As this is a very crude approximation, the angular
dependency of the emission is measured and used to correct the efficiency values. This
is done using a home-built spectro-goniometer, whereas here the spectrum is taken
by a USB-spectrometer (USB4000, Ocean Optics, Inc.). The active OLED is placed
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on a rotatable stage in the centre of rotation to keep the distance to the detector
constant.
3.4.2 AC Electroluminescence
Alternating current (AC) measurements are needed to characterize the colour-tuning
behaviour and the continuous beam-shaping. As the luminance is non-linearly current
or voltage dependent, it is inconvenient to use a continuous AC signal like sin curves,
compared to a square wave voltage. For the colour-tuning, first angular dependent
mixed spectra are measured. Here, an AC driving voltage can be applied to the
same spectro-goniometer mentioned before. Second, the colour-coordinates and the
luminous efficacy for various mixing states are determined. This is done using an
arbitrary waveform generator (33220A, Agilent Technologies, Inc.) together with a
digital power-meter (WT1600, Yokogawa Electric Corp.) and a chroma-meter (CS-
100, Konica Minolta, Inc.).
3.4.3 Beam-Shaping Profiles
The beam-shaping profile of the OLEDs’ emission does not follow the radial symmetry
of the spectro-goniometer. Hence, a setup has been developed where the OLED is
mounted opposite and parallel to a diffusive screen (e.g. paper) and can be driven
using a self-made inverter that provides a PWM-tunable square-wave voltage of 4 V at
a frequency of 50 Hz. The image of the screen is recorded using a digital camera (EOS
D30, Canon), which is oriented aside the OLED-screen-axis, such that the sample does
not block the view on the screen. It is important to adjust the camera settings in a
way that no saturation appears, as this is a loss of information. Subsequently, the
images are converted into greyscale using an open source software (ImageJ, v. 1.48),
which is related to the brightness on the screen.
3.4.4 Transparency
For the transparent colour-tunable AC/DC OLEDs, the transmission of the complete
stack needed to be measured. This is done using a combined deuterium and halogen
lamp (Avalight-DH-S-BAL, Avantes BV) from where the light is guided through a
fibre to the sample. The same CAS spectrometer as for the DC electroluminescence
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measurements records the transmitted light. It has to be ensured that the whole light
spot hits the OLED pixel, and is not transmitted beside it.
3.5 Line Shape Analysis of Emission Spectra
In this thesis the term line shape analysis refers to the identification of vibronic
subbands in emission spectra. Nearly any emission spectrum is a superposition of the
radiative contributions of several vibronic states (cf. Section 2.2). Using an adequate
physical model, a set of Gaussian peaks can be fitted to the experimental data, each
representing one vibronic transition. The vibronic progression, i.e. the distance
between the individual peaks follows a Poisson progression and their intensities are
given by the Huang-Rhys factor (Strickler & Berg, 1962; Huang & Rhys, 1950; Scholz
et al., 2020). As this evaluation requires several transformations of the experimental
data and a stable fit routine, it is not straight-forward. Therefore, a tool written in
python and based on publicly available packages has been developed by the coworker
Anton Kirch (Kirch, 2018) and is available for the whole group.
Besides the identification of the energetic landscape of a molecule, this technique
is important to provide a reliable estimate for the ratio between fluorescent and
phosphorescent emission of a biluminophore. Especially, for the determination of the
phosphorescence PLQY this value is essential as given by Equations 4.16 and 4.17 in










4.1 Measurement and Evaluation Procedure
The photoluminescence quantum yield (PLQY) is an efficiency measure for any kind
of luminophore that is photo-excitable. It describes the ratio of emitted photons
per absorbed photon. Thus, it gives insight into the system’s inherent deactivation
processes. Knowing this quantity is crucial when considering a given material for
application use. Taking for example an organic light-emitting diode: the final effi-
ciency is determined by a variety of parameters, like the charge carrier mobility, the
presence of trap states within the emitting layer, quenching mechanisms and others.
Not knowing the emitter’s inherent efficiency would completely restrict the optimiza-
tion of such devices to a trial-and-error basis. Therefore, measuring the PLQY is
an important selection parameter, whether a material is worth being considered for
implementation at all. Additionally, the production of a sole photoluminescent film
is way faster and simpler than building a complete lighting device.
In the context of this dissertation a setup to measure the PLQY was arranged. Even
though this has already been started in a Master’s thesis before (Kemper, 2016), at
that stage literature values could not be reproduced (eg. 𝜑 < 60% for Ir(MDQ)2(acac)
vs. 70% in literature and this thesis). Additional to the correction of this inconsis-
tency, a vast investigation of possible systematic and statistical errors during the
data acquisition and evaluation was carried out. Amongst others, this led to the de-
velopment of a new statistical data evaluation technique (Fries & Reineke, 2019).
The following sections are summing up the results of this investigations. First,
the theoretical basis is recapitulated, which was introduced in the 1990s (Green-
ham et al., 1995; de Mello et al., 1997). Second, experimental influences during the
data acquisition, as the calibration of the setup or the excitation angle of the sample,
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are discussed. Third, in the course of the evaluation of the measured data, several
points have to be considered. Here, a special focus lies on the statistical treatment of
the data.
The quantification of a material’s PLQY appears quite simple at first glance. How-
ever, many experimental details have to be taken account to get reliable results.
Basically two numbers have to be determined: First, the number of absorbed pho-
tons, which is given by the absorption. Second, the number of subsequently emitted
photons, which can be deduced from the sample’s emission spectrum. With those




Obviously, the first restriction here is that absorption and emission have to be mea-
sured under the same conditions. That means: same excitation intensity and wave-
length, illuminated area, atmosphere, temperature, and detection conditions. All
those preconditions can only be met accurately when measuring both quantities si-
multaneously in one and the same setup and at a time. Now, the material of interest
can seldom be investigated isolated, but is nearly always dissolved in a solution and
filled in a cuvette, or is applied in solid state to a substrate. Strictly spoken, one
always measures rather the PLQY of a sample than of a material. Consequently, the
maxim needs to be to minimize the influence of the sample’s architecture. In either
case, there will be a strong angular dependency of the emission of the sample. This
is mainly based on waveguiding effects in the cuvette, the substrate, or the material
layer. Hence, it is mandatory to detect the emission into the whole solid angle. The
most elegant and simple way to do so is the usage of an integrating sphere (Ulrbicht
sphere). These are hollow spheres that are internally coated with a highly reflective,
diffusive, optical stable material. Modern commercial coatings are for example based
on Polytetrafluorethylene (PTFE) (Georgiev & Butler, 2007). As the detected ra-
diance directly depends on the reflectance of the sphere’s coating, it needs to be as
high as possible (Labsphere Inc., 2017). Ports in the walls are necessary to couple
excitation light in, for the detection, and for valves if inert atmosphere is needed.
The size of all openings needs to be negligible compared to the inner surface of the
sphere and therefore should not exceed 3-5% (Labsphere Inc., 2017; Instrument Sys-
tems, 2019). Assuming a perfect coating, light that is emitted inside the sphere is
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Figure 4.1: a) Scheme of an integrating sphere. The gas inlet can be used to establish an inert
atmosphere within the sphere. This is for example important, when phosphorescent
samples are measured. b) The three different typed of necessary measurements: A -
empty sphere, B - indirect illumination, C- direct illumination. X and E denote the
excitation and the emission regime of the spectra, respectively.
diffusively reflected on the sphere’s walls until it hits the detector (or another port).
That means the detected light is the spacial integration of the sample’s emission
shape. Of course, direct illumination of the detector from the sample or the excita-
tion needs to be prevented as it would overestimate one explicit emission direction.
This is realized through the implementation of baffles inside the sphere, as can be
seen in Figure 4.1a.
There are mainly two ways to determine the PLQY of a sample. The first one is
only established for solutions and relies on the comparison to a known standard
(Brouwer, 2011). The second one was presented in 1997 by de Mello et al. and is
nowadays the most used method for solid-state samples and has also been verified
for solutions (Porrès et al., 2006). In this case no reference sample is needed, as the
PLQY can be calculated directly from the acquired data. This is the technique that
is also used in this dissertation and will be presented in more detail in the following.
The method consists of three separate measurements. The three of them are sketched
in Figure 4.1b and are named ‘A’, ‘B’, and ‘C’. A refers to a measurement of the
sole excitation without any sample being present. Hence, the excitation light hits
the sphere’s wall opposite to the entrance port, is diffusely scattered, and finally
detected. This leads to the red curve in Figure 4.1b, consisting of an excitation peak
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(in this example located at 340 nm) and background noise. In measurement B, a
sample is placed within the sphere, but is not directly in the excitation beam. As a
consequence, the sample is excited in an indirect way by strayed light only. In the
spectrum this has two effects: First, the intensity of the excitation beam is reduced
due to partial absorption in the sample. Second, the PL emission of the sample arises
as a second broader peak around 400 nm. The C measurement is a direct excitation
of the sample. Here, the incident light hits the sample, which leads to an increase of
the emitted intensity and to a further decrease of the excitation peak.
Recapitulating the processes in the three measurement settings leads to the PLQY,
where 𝑋 and 𝐸 refer to the integrated values of the excitation and emission in the
spectrum, respectively. In the A configuration, excitation light of the intensity 𝑋0 hits
the sphere’s wall, whereas a slightly lower intensity 𝑋A is measured de to due losses
caused by the imperfection of the coating and of course the detection. In measurement
B, the detected intensity 𝑋B is reduced by an unknown factor 𝜇 resulting from the
absorption in the sample and the same losses as in measurement A: 𝑋B = 𝑋0 (1 − 𝜇).
In the C measurement the incident light directly hits the sample. According to the
sample’s absorption 𝐴, a fraction of light leads to emission, whereas light of the
intensity 𝑋1 = 𝑋0 (1 − 𝐴) is either transmitted or reflected. This light is scattered
on the sphere’s wall and triggers a B-like process with reduced intensity. Hence, the
detected signal is 𝑋C = 𝑋1 (1 − 𝜇) = 𝑋0 (1 − 𝐴) (1 − 𝜇). Division of the measured
excitation signals in B and C configuration gives the absorption:
𝐴 = 1 − 𝑋C
𝑋B
. (4.1)
The totally detected light in experiment C is 𝑋C + 𝐸C. The first excitation power
is approximated with 𝑋A, whereas the amount of photons after the initial excitation
is 𝐸1 = 𝜑 · 𝐴 · 𝑋A. Analogue to the paragraph above, the residual light performs a
B-like excitation with reduced excitation intensity: (1 − 𝐴) (𝑋B + 𝐸B). In sum this
gives:
𝑋C + 𝐸C = 𝜑 · 𝐴 ·𝑋A + (1 − 𝐴) (𝑋B + 𝐸B) ,
which can be simplified using Equation 4.1 to:
𝜑 =




4.2 Experimental Influences on the Results
This equation represents exactly what one would expect: the numerator gives the
number of photons emitted after one single excitation, while the denominator is the
number of initially absorbed photons.
It is important to note that the quantities 𝑋𝑖 and 𝐸𝑖 always refer to integrated spectra
in the unit photon counts. However, often spectrometers measure rather an inten-
sity than a photon count. Therefore, the measured data needs to be transformed.
The energy of a single photon is given as 𝐸𝜆 = ℎ·𝑐𝜆 , where ℎ is the Planck’s con-
stant, 𝑐 the speed of light in vacuum, and 𝜆 the wavelength of the respective photon
(Demtröder, 2013). The intensity (𝐼E) is a power density per unit area (𝐴), which is
an energy density (𝐸) per unit area and time (𝑡). To obtain a photon density (𝐼n)








𝑛 · ℎ · 𝑐









As only integrated values go down in the final equation, it is also possible to measure
a correct PLQY value with a photodetector rather than with a spectrometer (Zheng
et al., 2011). In that case, an even more careful calibration to a wavelength dependent
response needs to be carried out in that case (see subsection 4.2.2).
Simple as the theory indicates the evaluation of the PLQY may be, there are numerous
influences on the final result. On the one hand of purely experimental nature while
data acquisition, on the other hand arising from the correct evaluation of the latter.
In the following sections various influences will be discussed and where necessary
supported with measurement data or literature values.
4.2 Experimental Influences on the Results
4.2.1 Importance of the B Measurement
Even though Equation 4.2 is widely accepted and highly cited, Kawamura et al.
introduced an evaluation method, which is supposed to be as accurate, but simpler.
Looking into the paper reveals that they actually do the same as presented, just
without the B measurement and the according corrections due to cyclic excitation.
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Obviously, this seems inaccurate. For that reason a discussion about the importance
of the B measurement will be given in the next paragraphs.
In the following the true PLQY will be referred to as 𝜑, and the measured one as 𝜑.
Having the initial intensity 𝑋0, after one excitation cycle of the sample in the sphere








where 𝐴1 is the number of photons absorbed in the first excitation. However, as
written above the residual lights leads to further excitation. In the nth cycle this
leads to:
𝑋𝑛 = 𝑋𝑛−1 − 𝐴𝑛 = 𝑋0 − 𝐴1 − · · · − 𝐴𝑛 = 𝑋0 − 𝐴tot
⇒ 𝑋0 −𝑋𝑛 = 𝐴tot.
Here, 𝐴tot is the total number of absorbed photons in all n cycles. With this the
PLQY results in:
𝜑 =






This equation actually seems justify the sole use of an A and C measurement. How-
ever, as written above in every cycle some photons in the sphere are lost due to the
fact that the sphere’s coating is not perfectly reflective and that photons can escape
through the ports. Hence a small amount 𝑎 of photons is lost in every excitation
cycle. This changes the upper relations as follows:
𝑋𝑛 = 𝑋𝑛−1 − 𝐴𝑛 − 𝑎𝑛 = 𝑋0 − 𝐴1 − · · · − 𝐴𝑛 − 𝑎1 − · · · − 𝑎𝑛 = 𝑋0 − 𝐴tot − 𝑎tot
⇒ 𝑋0 −𝑋𝑛 = 𝐴tot − 𝑎tot.
And finally:
𝜑 =







Altogether, this proofs that neglecting the B measurement, as proposed by Kawamura
et al. always leads to an underestimation of the PLQY. For high parasitic absorption
as for example glass substrates this difference can be as high as 20.5% (Kemper, 2016).
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Figure 4.2: a) The reflectance spectrum of the coating material as is used in the measurement setup.
Strong spectral dependence can be seen, especially in the infrared regime. However, in
the visible wavelength range the reflectance is constant, either. b) A reference spectrum
of a xenon lamp (black), the spectrum as measured in the PLQY setup (blue), and the
resulting calibration curve. For visualization only, the two spectra are normalized to
their last value. The calibration curve is normalized to its maximum.
4.2.2 Calibration of the Setup
A very important experimental fact to consider is that all devices included in the
setup may have wavelength dependent behaviour. First, the detector – be it a spec-
trometer or a photodiode – may have a spectrally sensitive response. Spectrometers
can be calibrated by comparing a measured spectrum to one that is known to be true
(Greenham et al., 1995). Photodiodes need to be illuminated with light of known
intensity and wavelength. Sweeping through the spectral range, the electric response
can be recorded (Mattoussi et al., 1999; Zheng et al., 2011). Second, the reflectance
of the coating in the integrating sphere is usually wavelength dependent. Figure 4.2a
shows the reflectance spectrum of the coating material that is also used in the setup
used in this thesis. Especially in the UV and IR regime a spectral dependency can
be seen. Having in mind that light in the sphere is scattered various times on the
walls before it hits the detector, it becomes clear that such behaviour can strongly
influence the finally detected spectrum.
The calibration of the experimental setup needs to track the changes the originally
emitted spectrum undergoes during the data acquisition. In the following, the calibra-
tion routine will be explained for the use of a spectrometer, rather than photodiode
detection, as this is the use case in this thesis. The spectrometer itself was calibrated
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by the vendor, meaning the first step is to measure a possibly undisturbed spectrum
that covers the whole measurement range. This is done using a xenon white light
lamp and applying the spectrometer’s detection head directly to the entrance port of
the integrating sphere, without having the sphere itself being in place. In that way
possible disturbances of the original emission light due to the optics between xenon
lamp and the sphere are taken into account. For a scheme of the setup see subsec-
tion 3.3.3. The resulting data is drawn in Figure 4.2b and is referred to as reference
spectrum. Next, the setup has to be assembled to its final shape and the white light
needs to be lead into the empty integrating sphere (blue line in Figure 4.2b). For vi-
sualization both spectra were normalized to its last value. In the resulting spectrum,
the non-uniform reflectivity of the coating can be identified. From roughly 400 nm
towards 800 nm the reflectivity drops, which results in a stronger absorption, leading
to a reduced measured intensity at higher wavelengths. The division of the reference
spectrum by the measured one gives the green calibration curve. For every future
measurement the experimental data needs to be multiplied with this curve. In this
transformation it is not possible to keep the numerical values of the measured data
right. This is due to the fact that the resulting calibration curve depends on the
normalization of the two spectra. Even if they are not normalized no true values are
obtained, as the intensity directly at the entrance port (where the reference is taken)
is way higher than in the sphere. However, the true shape is recovered that way.
Still, this raises the question how and if the data processing goes down in the finally
calculated PLQY value.
The relevant equations are Equation 4.1 and 4.2 for the absorption and the PLQY,
respectively. All quantities in there are integrated values, obtained from the measured
spectra and given in the form:
𝑋𝑖 =
∫︁
𝑥𝑖(𝜆) d𝜆, 𝐸𝑖 =
∫︁
𝑒𝑖(𝜆) d𝜆, (4.5)
having 𝑥𝑖 and 𝑒𝑖 the measured spectra of excitation and emission, respectively. The
calibration of the system gives a spectral correction factor 𝑐(𝜆), which can either be
normalized itself or calculated from normalized values. Obviously, those two proce-
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======⇒ 𝑋 ′𝑖 =
∫︁




𝑎 · 𝑐(𝜆) · 𝑥𝑖(𝜆) d𝜆
As a scaling factor 𝑎 doesn’t depend on 𝜆 it can be extracted from the integral.
Applying this to Equations 4.1 and 4.2 gives:
𝐴 = 1 − ?̃?C
𝑋B




= 𝐴′ ̸= 𝐴, (4.6)
𝜑 =
?̃?C − (1 − 𝐴)𝐸B
𝐴 ·𝑋A
=
𝑎 · 𝐸 ′C − (1 − 𝐴′) ·𝑎 · 𝐸 ′B
𝐴′ ·𝑎 ·𝑋 ′A
= 𝜑′ ̸= 𝜑. (4.7)
Those lines teach two important things: First, a constant multiplicative factor doesn’t
change the results. This also justifies the normalization of the calibration curve.
Second, a wavelength dependent calibration factor indeed leads to different results.
Hence, a correctly calibrated detection is mandatory for getting correct values. An-
other important lecture to learn here is that a constant but additive factor also
changes the result. This is especially important when treating the background noise,
as discussed in subsection 4.3.1.
4.2.3 Other Systematic Errors
Having a calibrated setup as described in the section before, the next experimen-
tal detail that needs to be clarified is the exact location of the sample within the
sphere. Theoretically, during the B measurement it should not make a difference.
As in this case the sample is not placed directly in the excitation beam, the latter
is strayed diffusively on the sphere’s wall. Hence, no matter where the sample is
placed, it is illuminated by homogeneous stray light. In this work this assumption
was confirmed for two different locations in the sphere: centrally fixed as in Fig-
ure 4.1a and placed on top of the baffle in front of the detection port. In contrast to
that, in the C measurement the position of the sample is quite fixed, as it needs to
be within the initial excitation light beam. Additionally, baffles in the sphere need
to ensure that no emitted light can directly enter the detection port. Often, this
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leads to a placement in the middle of the sphere (Greenham et al., 1995; de Mello
et al., 1997; Mattoussi et al., 1999; Porrès et al., 2006), but can also be off-centre
(Kawamura et al., 2004a; Zheng et al., 2011). However, as collimated light directly
hits the sample, the orientation of the sample’s surface to the incident beam becomes
important. As the Fresnel equations tell (Gmelch & Reineke, 2019), the reflection
of light on interfaces depends on the angle of incidence. The most crucial part here
is the development of waveguide modes within the luminescent film. Especially for
materials comprising a small Stokes shift this can lead to notable reabsorption and a
drastic change of the detected spectrum and the resulting PLQY (Ahn et al., 2007).
A method to correct this effect will be discussed later in this thesis in subsection 4.3.4.
Another influence of a tilted sample is that a larger amount of light may be reflected
directly at the interface between the atmosphere and the sample. As the reflected
light is accounted for in the B measurement, this should not affect the calculated
PLQY. However, the resulting absorption is then altered by an increased reflection
factor. Altogether, this hints that the sample should be placed orthogonal to the exci-
tation beam. Experimentally this can easily be investigated using C measurements of
various excitation angles. One difficulty here is that photodegradation of the sample
during the measurement series needs to be corrected. Therefore a sequence of mea-
surements was chosen, where the initial position was restored several times within the
experiment. As those measurements should result in the same PLQY, a correction
curve can be fitted to this data and applied to the angular dependent measurements.
In Figure 4.3a the thus corrected PLQY values are plotted over the excitation angle,
where 0∘ refers to normal incidence. All values corresponding to −55∘ are placed
nearly on top of each other which is due to the degradation correction. This measure-
ment series clearly reveals the problematic of back-reflection of the excitation light.
Around 0∘ a significant drop of efficiency can be seen as the reflected light is not scat-
tered within the sphere, but is lost through the excitation port. The same behaviour
is visible for angles around 55∘, where the incident light is reflected into another port
of the sphere. The dashed red line is a guide to the eye to emphasize the influence
of the excitation angle. Other than expected, the curve is not symmetric around 0∘,
but slightly tilted. This is mainly due to asymmetries in the sphere’s coating and as-
sembling. Nonetheless, it is visible that the resulting PLQY increases with increasing
excitation angle. All together this teaches that the ideal setting is an angle as close
to normal excitation as possible, but large enough to prevent back-reflection.
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Figure 4.3: a) The measured PLQY depends on the excitation angle during the C measurement.
The reflection back into the excitation port is visible as well as the reflection into
another port. The dashed red line is only a guide to the eye. b) The heat-up charac-
teristics of the excitation light source (xenon). The red line denotes a exponential fit,
the grey dashed lines mark the time, when 99% intensity is reached. c) The PLQY of
a biluminophore as a function of time after the nitrogen flux has been switched on. At
10:30 the gas inlet valve was closed again.
Another point that needs consideration is the stability of the excitation light source.
Whereas, thermal fluctuations can never be eliminated completely, drastic intensity
changes between A, B, and C measurement need to be avoided. Typical light sources
like LEDs or halogen lamps have a specific heat-up time, after which a thermal
equilibrium is reached and stable light intensity is emitted. In Figure 4.3b the heat-
up characteristics of the xenon lamp as used in this work is shown. Each point refers
to the intensity integrated over the spectral range from 200 nm to 800 nm. In red
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an exponential fit curve is drawn, whose asymptotic value defines 100% intensity.
At times where no data points are shown, no measurements where done, but the
light source was still switched on. Independent of the time, the data points show a
statistical variation with a standard deviation 𝜎 = 0.6%. Hence, at 99% intensity,
the expected change due to the residual heat-up is less than ±𝜎. This level is marked
by the dashed grey lines and is achieved after 28 minutes. This thermal noise is one
of the most important influences that make a statistical evaluation necessary, as is
discussed in subsection 4.3.3.
The sensitivity of organic biluminophores to the presence of oxygen requires the
possibility to measure the PLQY of a material under inert atmosphere. Therefore,
nitrogen can be led into the integrating sphere via an additional port comprising
a valve. As the system is not gas-tight, a constant nitrogen flow has to be ensured
during the measurement. At the start, the nitrogen flux displaces the residual ambient
air in the sphere. As the whole setup is under a low over-pressure, no oxygen can
penetrate back into the sphere, which means that after a certain time a very low
oxygen concentration in the sphere is achieved. Again, a constant and reproducible
atmosphere is necessary to ensure correct measurement values. The time needed
can easily be monitored using a biluminescent sample. Depending on the interaction
of the excited states in the sample, the PLQY of a biluminophore may drop (cf.
subsection 4.4.3) or increase upon a change to inert atmosphere. In the example
as shown in Figure 4.3c the PLQY increases after having switched on the nitrogen
flow. After a flushing time of 1 min 10 s a steady state evolves. After some time
the nitrogen flow was switch off, which immediately leads to a drop of PLQY back
towards its initial value. As in the section before, a prominent statistical noise is
visible in the data.
4.3 Data Evaluation
4.3.1 Subtraction of the Background
Having the measurements performed as correct as possible, the acquired data needs
to be evaluated. Here as well, some points have to be taken into account to end up
with correct values.
First, any spectral measurement contains a background signal. Hence, the detection























































Figure 4.4: Measured spectra for PLQY evaluation, without any background subtracted. Two
different samples are shown: a) a blend of CBP:Ir(ppy)3 and b) Alq3.
In that way, residual stray light can be detected and subtracted from all following
measurements. Additionally, background signals, which are supposed to be read-out
errors of the detector can be identified and subtracted from the spectrum (for further
details see Appendix A). However, a very low remaining background still exists. The
level of this lies below 1 · 10−8 W/m2nm in measurements as performed in this work,
which is two to three orders of magnitude lower than the actual signal. Still, in
words of photon counts, this results in a baseline around 1010 photons per m2nm
(cf. Figure 4.4). As this background scales with the totally detected intensity and
is not constant over a wide wavelength range, it is a priori not clear where exactly
the noise level is. This makes a direct subtraction critical. Before further strategies
are evaluated how this issue can be solved, it is reasonable to analyse its influence
in the final PLQY. Assuming a constant noise level ?̃?(𝜆), the regarding spectrally
integrated value is referred to as 𝑎 =
∫︀
?̃?(𝜆) d𝜆. Apparently, two conditions are met
by this background: 𝑎 < 𝑋C < 𝑋B and 𝑎 ≥ 0. Starting with the absorption as given
in Equation 4.1, a constant noise level does not cancel out, but its influence can be
estimated as follows:




→ 𝐴 for 𝑎 → 0
→ 1 for 𝑎 → 𝑋C
.
Hence, a subtraction of a constant background always increases the calculated absorp-
tion. Analogue considerations can be applied to the PLQY as given in Equation 4.2.
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Having in mind that additionally the condition 𝑎 < 𝐸B is true, two cases can be
differentiated. Again, the trivial case of 𝑎 → 0 gives no change of the PLQY, whereas
an increase of 𝑎 → 𝐸B leads to:
𝜑′ =
(𝐸C − 𝑎) −
→0⏞  ⏟  
(1 − 𝐴′) · (𝐸B − 𝑎)
𝐴′⏟ ⏞ 
→1
· (𝑋A − 𝑎)




So, the resulting PLQY will always be lower than the value obtained without any
background subtraction. Even though those equations do not predict the strength
of the influence, it can be estimated from measured data. Different constant back-
grounds are subtracted and the resulting PLQY is calculated. The raw data is plotted
in Figure 4.4 and belongs to the excitation of a CBP:Ir(ppy)3 blend and an Alq3 neat
film, respectively. Those examples are chosen because they differ in various aspects
that may influence the result of this test. First, the maximum signal level varies by
an order of magnitude. This is due to the wavelength dependent emission power of
the excitation light source (cf. Figure 4.2b). Second, both the absorption and the
PLQY of the samples are very different. The background level was set to four dif-
ferent values: 0, 109, 1010, and ∼ 1011 photons/m2 s nm (the last was not applied to
the CBP sample, as it is above the signal level). As predicted the absorption drops
with increasing background level. However, even though eleven orders of magnitude
of background are covered, the resulting absorption only varies by a factor of 0.4%
(CBP:Ir(ppy)3) and 0.3% (Alq3). The changes in the PLQY are slightly higher, but
still in a quite low range with 0.7% (CBP:Ir(ppy)3) and 2.2% (Alq3). This is a very
important result: the influence of a constant background is in general very low, but
becomes more prominent when the true PLQY value is low. This is based on the
lower signal level in the latter case and hence, the relative influence of a background
increases.
Even though the influence is surprisingly small, to minimize the impact on results of
low-PLQY samples, a treatment of the background needs to be defined. The solution
that is used in the following is the usage of the A measurement as background. Two
factors have to be taken into account here: First, obviously this works only for the
wavelength regime outside the excitation peak. That means, the absorption is not
affected by this correction. But as discussed above, the absorption does not suffer
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Table 4.1: Resulting absorption and PLQY values for two data sets, where the background level
was varied manually.
CBP:Ir(ppy)3 Alq3
Background Level A 𝜑 A 𝜑
[Number of Photons] [%] [%] [%] [%]
0 82.64 90.14 30.22 17.33
1 · 109 82.65 90.08 30.22 17.32
1 · 1010 82.79 89.51 30.22 17.29
1 · 1011 - - 30.30 16.95
Scaled A Measurement 82.64 90.15 30.22 17.32
large changes upon a varying background. Second, as strongly visible in Figure 4.4a,
the background level differs between the several measurements. Therefore, the A
measurement needs to be rescaled to the excitation peak of the B and C measurement
before subtraction. Be 𝑆A,B,C the spectrum of the respective measurement, the scaling
is as follows:




An influence that cannot taken be into account with this scaling is a wavelength
dependent absorption, which leads to a slight distortion of the excitation peak. As a
consequence, the maxima do not perfectly overlap. Ideally, the A measurement would
be scaled using the background level, which is often not possible as it is overlaid by
the signal itself. Applying the above procedure to the data from Table 4.1, the
PLQY nearly equals the one without any background subtraction. The value for the
CBP:Ir(ppy)3 blend is even higher than without any background, however within their
statistical uncertainty of 0.06% they are equal. Comparing the result of Alq3 with
the ones of the constant noise levels, it resembles the effect of a rather low constant
noise of ∼ 109 photons/m2 s nm.
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4.3.2 Choosing the Wavelengths for Evaluation
According to Equation 4.5 the calculation of PLQY values relies on integrated values.








As the background hardly influences the integrated intensity, the upper limit of the
excitation can be identified with the lower limit of the emission and defined as the
splitting wavelength between the two peaks: 𝜆2 = 𝜆3 =: 𝜆s. Of course, the lowest
and highest limit are given by the spectrometer’s specifications. Still, the measured
spectrum as for example shown in Figure 4.4 needs to be split into the excitation
and the emission part. If those two contributions are nicely separated and the signal
in between is at noise level, the exact choice of 𝜆s may not be to crucial. However,
if not, it is a priori not clear, where to set the limit. Intuitively the ideal location
seems to be in the minimum between excitation peak and emission band. It can
happen though that this minimum varies between B and C measurement, which again
makes the decision unclear. A solution that has been developed during this work is
to set the transition between excitation and emission close to the local minimum
in the C measurement and subsequently vary this limit, re-evaluate the data, and
analyse the results statistically. Before this technique is discussed in more detail in
the subsection 4.3.3, a discussion about the influences of the position of the splitting
wavelength 𝜆s is given here.
For simplicity, the assumption is made that the shape of the excitation peak does
not depend on its intensity. As the only influence on the shape is a wavelength
dependent absorption of the luminophore, this assumption at least holds true for
the B and C measurement. Hence, varying 𝜆s changes 𝑋B and 𝑋C by the same
factor. As already discussed, such multiplicative factor does not change the calculated
absorption. In contrast, the PLQY changes, as the integrals for the excitation change
different than the ones for the emission. Shifting 𝜆s to smaller wavelengths, reduces
𝑋𝑖 but increases 𝐸𝑖, resulting in an higher PLQY value. Evaluating the PLQY as
a function of the splitting wavelength gives a graph as shown in Figure 4.5. For
comparison the C measurement of the according data is shown (see Figure 4.4b).
Around the minimum between excitation and emission a stable PLQY value can be

































Figure 4.5: In blue the PLQY of Alq3 is shown as a function of 𝜆s, which marks the transition
between excitation and emission. For comparison the C measurement of the according
data is shown in red.
explained before. Consequently, the evaluation wavelength of choice should be placed
in the region of constant PLQY. Detailed analyses show that the absorption indeed
changes with varying 𝜆s, however, the relative changes are way smaller than in the
case of the PLQY.
Analogue evaluations show that the influence of 𝜆1 is way less prominent. Obviously,
it needs to be placed outside the excitation peak. The same holds true for 𝜆4 and
the emission band. However, if the emission spreads out till the end of the detectable
wavelength regime a variation of 𝜆4 can give a hint about the data quality. For
example, the emission of a NPB:Ir(MDQ)2(acac) blend peaks above 600 nm and does
not reach noise level at 800 nm (cf. Figure 4.6a). Hence, an evaluation is actually not
possible as 𝜆4 would be needed to be placed further in the IR range. Nonetheless,
this problem can be overcome using an asymptotic approach. Therefore, 𝜆1 and 𝜆s
are kept constant, while 𝜆4 is varied. The results of this evaluation give a clear trend,
which can be fitted with an asymptotic function to gain information about the PLQY
that is to expect. As shown in Figure 4.6b, the highest PLQY that can actually be
calculated with the experimental data is 68.3%, whereas the asymptotic level of the fit
curve is at 70.9%. The latter is in very good agreement with literature values (70%)
for this material combination (Schmidt et al., 2011; Will et al., 2018). This method is
a powerful way to enhance the wavelength range, within which a meaningful PLQY
evaluation is possible. Of course, if the emission spectra are very uneven or large
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Figure 4.6: a) The A, B, and C measurement for a NPB:Ir(MDQ)2(acac) blend. Blue lines mark
the wavelengths for the PLQY evaluation. b) Varying 𝜆4 while keeping the other
parameters fixed, gives an asymptotic increase of the resulting PLQY. The fitted curve
(red) approaches an asymptotic level of 70.9%.
parts are missing, a reliable fit won’t be possible any more, which defines the limits
of this technique.
4.3.3 Statistical Data Analysis
In the sections before, various influences on the calculated PLQY values were dis-
cussed. Some of those lead to systematic errors. Amongst others those are a wrong
or missing spectral calibration of the setup, a large deviation from normal excitation
(90∘ with respect to the sample’s surface), or the light source not being in a thermal
equilibrium. Many of those issues are also mentioned in the literature (e.g. Würth
et al., 2010) and thus are taken care of. In strong contrast to that many random
variations also influence the experimental procedure and consequently the result, but
are not discussed. However, as shown in the previous sections, many statistical in-
fluences can be detected in the measurement procedure. First, no light source is
perfectly stable in intensity. This leads to variations not only between A, B, and C
measurement, but also within one kind of measurement if it is performed repeatedly,
as has been shown in Figure 4.3b and c. Second, any detection system suffers both
counting errors and electric noise. Both of which will reduce the signal to noise ratio.
Third, the emission of light is a stochastic process. However, having a density of
molecules of about 1019 per cm3, intensity fluctuations due to this effect can safely
be neglected. Another influence that can be attributed to the statistical errors is the
choice of the evaluation wavelengths. As discussed in the previous section, a varia-
60
4.3 Data Evaluation
tion of those parameters leads to systematic changes of the result. Especially for the
transition between emission and excitation (𝜆s), it is not decided where to place it.
Hence, varying this limits introduces a random-like behaviour. In total we find to
every result a certain statistical error: 𝜑± ∆𝜑stat.
Now, the way to determine the PLQY gives a very good chance to track down the
statistical influences. The crucial point is, if each measurement is performed several
times, the only difference between them should be the random variations. Adding to
this, there is no definite combination of measurement. That means, if each A, B, and
C spectrum are taken 𝑁 times, any combination should result in the same PLQY,
leading to 𝑛 = 𝑁3 possible combinations. Taking for example an average integra-
tion time of two seconds per spectrum, within one minute 30 spectra can be taken
(𝑁𝐴 = 𝑁𝐵 = 𝑁𝐶 = 10), giving 1000 PLQY values. As every value has a statistical
uncertainty, the mean value is obtained using weighted means (Price, 1972; Fries &
Reineke, 2019). Taking the standard deviation 𝜎 as a measure for the uncertainty ∆𝜑,





The weighted mean now results in:
𝜑 =
∑︀
𝑖 𝑤𝑖 · 𝜑i∑︀
𝑖 𝑤𝑖
. (4.11)
The weighted standard deviation can be calculated as follows:
𝜎(𝜑) =






However, this is the standard deviation of a single value 𝜑i. To obtain the standard








𝑖 𝑤𝑖 · (𝑛− 1)
. (4.13)
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To compare the upper relations to their unweighted counterparts, all weights can be
set to an equal value 𝑤𝑖 = 𝑤. Hence, the summation reduces to
∑︀𝑛
𝑖 𝑤𝑖 = 𝑛 · 𝑤.














𝑛 · (𝑛− 1)
. (4.14)
One thing should be kept in mind for future discussions: Equations 4.11 - 4.13 only
reduce to their unweighted pendant, if 𝑛 refers to the number of combinations (i.e.
PLQY values). However, actually only 3 · 𝑁 measurements were taken. Hence to
not underestimate the statistical error, the more legitimate method seems to use the
number of measurements instead of 𝑛 in Equations 4.12 and 4.13.
During the work of this thesis a software was developed that automatically evaluates
the data based on Equations 4.11 to 4.13 (‘Grape’, see Appendix C). The routine
takes every possible combination of A, B, and C measurement to calculate the mean
PLQY value. The uncertainty ∆𝜑 for each single combination is obtained by varying
the evaluation wavelengths 𝜆1...4. The strength of the variation that is applied upon
the limits can be set by the user and is per default set to 1%. This is large enough to
cover a meaningful range, but, especially in the case of 𝜆s, small enough to stay close
to the minimum between excitation and emission peak. Having three integration
limits, this gives 27 values from which one 𝜎 ± ∆𝜎 is calculated. Assuming 𝑁𝐴 =
𝑁𝐵 = 𝑁𝐶 = 10 measurements, this means 𝑛 = 1000 possible combinations, leading
to 27000 calculated PLQY values for one 𝜎, an enormous statistical basis compared
to the relatively low additional experimental effort.
For 𝑛 uncorrelated measurements, that only suffer random uncertainties, a Gaussian
distribution around the 𝜎 would be expected. However, as only 3 · 𝑁 < 𝑁3 = 𝑛
independent measurements are performed, a strong correlation is expected. This
justifies the usage of weighted means for the calculation of the mean value instead
of a Gaussian fit of the data. In contrast, a normal distribution can only serve
as a guide to the eye and deviations from that distribution are not surprising. In
Figure 4.7a example data of TPB diluted in PMMA is shown, where such fit resembles
the data quite well, whereas in Figure 4.7b prominent deviations to the Gaussian
curve are visible for a measurement of NPB. In the first case, over 12000 values result
from nearly 70 measurements. The calculated widths of the distribution match well

























































Figure 4.7: a) A set of 12000 PLQY values resulting from 70 measurements of a PMMA:TPB
sample. In this case, the histogram resembles a Gaussian distribution. b) This mea-
surement of a neat NPB film shows clear deviations from a normal distribution, which
is due to the correlation of the 1000 PLQY values. c) A detailed analysis reveals
that the shape of the histogram in b results from an accidental gap in the series of C
measurements.
0.2064%. The second case is an example of a standard number of measurements, that
means 𝑁𝐴 = 𝑁𝐵 = 𝑁𝐶 = 10. Here, a the Gaussian curve does not resemble the
data, even though the widths of both distribution are still comparable (𝜎𝑤 = 0.73%,
𝜎Gaussian = 0.75%). A notable fact in this example is that the mean value is located
in a local minimum of the histogram. This means, that the probability to measure
this value with only one single measurement is really low. Or in other words, this
is another strong motivation to perform multiple measurements and a subsequent
statistical analysis.
The deviations from a normal distribution result from the correlation of the data. To
explain this, a more detailed analysis of the calculated values is necessary. Therefore,
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the measurements are combined in a fixed order and the result of each combination
is plotted. The evaluation order was: the first A and the first B measurement were
taken with all the C measurements, one after the other. Afterwards the second B
measurement and again all C measurements were combined, and so on. This results in
a repetitive pattern as Figure 4.7c shows. On the left hand side all resulting values can
be seen, where major fluctuations are determined by the different A measurements.
Zooming into the first block of data (measurement A0) gives the graph on the right
hand side. Now the repetitious pattern results from the different B measurements,
whereas the substructure represents the influence of the C measurements. A and
B show randomly varying graphs, whereas the C measurement shows a systematic
decrease, which is probably due to degradation. As this drop is overlaid with a
statistical noise, a slight gap appears between C4 and C5. Even though this step is
not really large, it propagates through the evaluation with all A and B measurements,
and thus evolves to the prominent valley in Figure 4.7b. Summarizing, this example
nicely shows how an uncritical fluctuation in the C measurements can lead to a strong
deviation from a gaussian distribution, making the weighted evaluation method as
presented here the way more favourable one.
This representation of the data brings another advantage over a single measurement.
As explained in the paragraph before, systematic influences can nicely be mapped
when presenting the data as shown in Figure 4.7c. In this case the systematic error
was the degradation of the sample upon excitation, but also time-dependent influences
like an unstable light source are easily detectable that way (Fries & Reineke, 2019).
4.3.4 Reabsorption in the Sample
One systematic error in PLQY measurements that has not been discussed so far
in this work is the reabsorption of the emitted light by the sample. As explained in
subsection 2.2.1 and Figure 2.4 therein, the emission of any molecule is always lower in
energy than its absorption. The energetic distance between the two respective spectra
is called Stokes shift. Nonetheless, there can be an overlap of the two processes.
Especially for so called small Stokes shift materials it can be quite significant. This
leads to the effect, that the high-energy portion of emitted light has the chance to
be again absorbed from the same kind of molecule. This is called reabsorption. For
notable reabsorption, the emitted light needs a good chance to hit another molecule of
the same kind. This is especially given in thick samples or when waveguiding effects
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appear. Those make the light travel a long distance within the sample even though it
may be a thin film. In PLQY measurements additionally the fact of measuring within
an integrating sphere brings the effect that the emitted light hits the sample often
again. Therefore, having small-Stokes shift materials, strong deviations between the
measured and the expected PLQY can appear (Ahn et al., 2007; Würth et al., 2010).
In 2007, Ahn et al. introduced a method to account for reabsorption effects in PLQY
measurements. They showed that deviations of up to 10% can be observed. The
higher the optical density of the samples, the higher is the effect of reabsorption,
which is what is to expect. Even though, typical biluminescent samples show a rather
low optical density of ∼ 0.1, depending on the size of the Stokes shift, this effect will
influence the result. The key step needed to account for reabsorption is to compare
the emission spectrum as measured in the integrating sphere to an undisturbed one.
As only the high-energy part suffers reabsorption, this effect leads to a deformation
of the spectral shape. Scaling the low-energy part of the undisturbed spectrum to
the respective parts of the measured spectrum allows for a more accurate evaluation.
However, obtaining undisturbed spectra is not trivial. Especially for biluminescent
samples, where inert atmosphere has to be ensured. During the measurement, it
must be ensured that any reabsorption is reduced to a minimum, which includes
reflections, waveguiding effects and the film thickness. Neither the standard way to
measure biluminescent samples using the Enterprise setup (subsection 3.3.1) nor the
integrating sphere allows such measurements. Therefore, this correction is not yet
implemented in the experimental procedure as developed during this work. However,
a modification of the Enterprise setup is currently ongoing, enabling the measurement
of undisturbed spectra of any thin film sample. As soon as this is finished, an inclusion
of a reabsorption correction is highly recommended.
4.4 Application of PLQY Measurements
4.4.1 PLQY Values of Reference Samples
The measurement setup for the PLQY has been developed and optimized in this work,
as described in the sections before. For the verification of its functionality, several
reference samples have been prepared and evaluated. Basically two different kind of
samples were tested: first, liquids. This means the luminescent molecule has been
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Table 4.2: The measured values of some reference solutions. The literature values are taken from
Brouwer (2011).
Material Measured Value Literature Value
Rhodamine 6G 90 94-95
Rhodamine 101 87 96-100
Fluorescine 85 91-95
dissolved and measured in a cuvette. Second, solid state films. Those were either
spin-coated or evaporated layers on quartz substrates.
Even though de Mello et al. originally introduced the method only for solid state
samples, it was confirmed to work with solutions as well (Porrès et al., 2006). However,
in the setup as is used in this work, no adequate sample holder for cuvettes is available.
Workarounds are possible, but don’t yield accurate results (cf. Table 4.2). As liquid
samples are barely used in our lab, this technique was not further pursued.
Even though this work focuses on biluminescent samples, which are normally spin-
coated host guest systems, for comparison with literature, pure evaporated films
were produced and evaluated. Each film comprises a thickness of 200 nm, resulting in
optical densities between 0.16 and 0.92. The results are summarized in Table 4.3. The
presented materials are ordered according to their peak emission wavelength (from
blue to red). One first observation here is that whenever literature values of various
authors can be found, a notable range of PLQY is presented, as for example for Alq3.
The comparison of measurement results to the literature values shows a mostly good
agreement. Only NPB and Alq3 does not reach the literature values. However, having
in mind the large range in literature in both of that cases, the values are acceptable,
especially due to the fact that no spectral or other systematic discrepancy can be
observed. The given uncertainties only refer to the statistical error. The systematic
error probably is larger, but is hard to estimate reliably.
Altogether it can be said that measuring solid state samples gives reasonable results,
whereas for solutions additional effort would be necessary to adjust the sample holder
of the sphere. Of course, a new calibration would be needed in that case.
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Table 4.3: The measured values of solid state reference samples in order of their peak emission
wavelength (from blue to red). All samples provide a thickness of 200 nm.
Material Experiment Literature Reference
[%] [%]
CBP 62.99 ± 0.07 61 Kawamura et al. (2004a)
4P-NPB 58.42 ± 0.17 65 - 92(1) Schwartz et al. (2007)
NPB 23.16 ± 0.09 29 - 41 Mattoussi et al. (1999),
Kawamura et al. (2004a)
MADN:TBPe 1.5wt% 32.15 ± 0.14 - -
CBP:Ir(ppy)3 8wt% 92.31 ± 0.06 90 - 91 Kawamura et al. (2004a),
Kawamura et al. (2005)
Alq3 17.79 ± 0.06 20 - 32 Garbuzov et al. (1996),
Mattoussi et al. (1999),
Ravi Kishore et al. (2003),
Kawamura et al. (2004a)
NPB:Ir(MDQ)2(acac) 70.9(2) 70 Will et al. (2018)
Alq3:DCM 2wt% 50.3(2) - -
(1) In the referenced publication, the PLQY of 4P-NPB was estimated by 2.24 times the PLQY
of NPB, which gave 92%. However, taking the range of PLQY one finds for NPB in literature,
results in the large range as given here.
(2) This value was obtained from the asymptotic approach as described in Figure 4.6b
4.4.2 The PLQY of Biluminescent Samples
The PLQY gives the ratio of radiative decays over all decays. In the case of a purely
fluorescent emitter this means the PLQY gives the fluorescence quantum yield. Purely
phosphorescent emitters are assumed to have an intersystem-crossing rate that out-
competes the fluorescent decays (Reineke, 2014). Hence, in this case the PLQY equals
the phosphorescent quantum yield. However, in biluminescent systems, both emission
channels contribute in a non-negligible quantity to the total efficiency. Still, to char-
acterize biluminescent materials it is important to know the separate contributions
from both fluorescence and phosphorescence. From PLQY measurements in air and
inert conditions one gets 𝜑F and 𝜑F+P, which refers to the sole fluorescent and the
total PLQY, respectively. Isolated phosphorescence can only be detected in a time
delayed measurement. However, during that time it already decays in intensity, which
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makes an PLQY evaluation difficult. Additionally, due to multi-exciton interactions
like STA or TTA, the difference bewteen 𝜑F+P and 𝜑F does not necessarily result in
𝜑P. This difference can even get negative (cf. subsection 4.4.3), which is not possible
for the simplified picture of single, isolated molecules. Therefore, another approach is
needed. From the measurements, not only the PLQY is known, but also the spectra
and their according intensities 𝐼. Having the spectra in units of photons counts, the
following relation holds true:
𝐼 = 𝑛 · 𝜑, (4.15)
where 𝑛 is the number of excited states. Now, the C measurement under inert condi-
tions gives both 𝐼F+P and 𝜑F+P. The ratio of phosphorescence in this spectrum can
be determined using a line-shape analysis, as was applied to biluminescent systems
in a previous master’s thesis (Kirch, 2018) and is shortly recapitulated in this thesis
in Section 3.5. The share of phosphorescence to the total emission is referred to as
𝜉. The advantage of this method is that it gives the number of photons emitted from
a triplet state, originating from the same number of excited molecules as the total









This directly results in the phosphorescent PLQY:
𝜑P = 𝜉 · 𝜑F+P (4.17)
At this point it is very important to have in mind that the PLQY can strongly depend
on various external parameters – be it saturation, STA, or TTA. In either case the
calculated triplet PLQY refers more to the sample under the given measurement con-
ditions than to inherent material specifications. To obtain more general information,
PLQY measurements on such systems should always be performed with low concen-
tration samples and at low excitation intensities. Therefore, one explicit example of
external influences is discussed in the next section.
4.4.3 Negative PLQY and the Influence of Quenching
Looking at one isolated molecule with the respective state diagram as shown in Fig-
ure 2.3, the PLQY would follow a simple rule: Under ambient conditions each excited
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state either decays fluorescent or is quenched. Be it via non-radiative decay directly
from the singlet state or via intersystem crossing and subsequent oxygen quenching.
The ratio of those processes results in the fluorescent PLQY. In words of rates 𝑘, that
means decays per time, this can be expressed as follows:
𝜑F =
𝑘r,F
𝑘r,F + 𝑘nr,F + 𝑘ISC
, (4.18)
where the subscript F refers to fluorescence, r to a radiative, nr to a non-radiative
decay, and ISC to intersystem crossing. The quenching of the triplet states is already
included in 𝑘ISC, as under ambient conditions no radiation from a triplet state can be
observed.
Under inert conditions, an isolated molecule has two options: Either it decays fluo-
rescent with 𝜑F or it undergoes intersystem crossing. From here it can again decay
radiatively or non-radiatively. Now the efficiency of the triplet state 𝜑P could be
given analogously to that of the singlet state just by the ratio between radiative and
non-radiative decays. However, the PLQY is defined as emitted photons per absorbed
photons of the molecule, where the latter always end up in the singlet state. That
means to come to the number of excited triplet states, one has to take the efficiency
of intersystem crossing into account:
𝜑ISC =
𝑘ISC
𝑘r,F + 𝑘nr,F + 𝑘ISC
. (4.19)





As the energy gap between singlet and triplet state in typical biluminescent molecules
is in the range of 0.8 eV, reverse intersystem crossing can be neglected. In this single-
molecule picture, the difference of 𝜑F+P and 𝜑F results in 𝜑P. However, in a sample
with ∼ 2 · 1019 molecules/cm3 this picture is insufficient. Multi exciton processes
like singlet-triplet annihilation (STA) or triplet-triplet annihilation (TTA) change
the non-radiative rates between inert and ambient conditions. Taking the upper
definitions as the undisturbed PLQYs, for a multi molecule sample the PLQYs are
rather given as follows:
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𝑘r,F + 𝑘nr,F + 𝑘ISC + 𝑘q,O2,F
𝜑′P = 𝜑ISC
𝑘r,P
𝑘r,P + 𝑘nr,P + 𝑘q,O2,P
𝜑′′F =
𝑘r,F
𝑘r,F + 𝑘nr,F + 𝑘ISC + 𝑘q,N2,F
𝜑′′P = 𝜑ISC
𝑘r,P
𝑘r,P + 𝑘nr,P + 𝑘q,N2,P
Here, 𝑘q refers to any external quenching mechanisms.
To reduce the complexity of those equations some assumptions can be made that are
well confirmed by the majority of experiments with biluminescent emitters.
1. Oxygen quenching happens at very short time scales:
𝑘q,O2,P → ∞ ⇒ 𝜑′P → 0
2. Together with the first assumption, there are no external quenching effects under
oxygen that effect the singlet:
𝑘q,O2,F → 0 ⇒ 𝜑′F = 𝜑F
3. For simplicity an example is chosen in this section, where the TTA rate is very
low. As discussed in Section 2.5, TTA scales with the square of the density
of triplet states. That means, with increasing excitation intensity, the ratio
between fluorescence and phosphorescence needs to change. However, as shown
in Figure 4.8a the ratio is constant for very high and low excitation intensity. Of
course, this is a restriction to a general case, but is a good example to show the
influence of this two-exciton process on the PLQY. If TTA cannot be excluded,
the following procedure can still be carried out, but cannot directly be assigned
solely to STA as quenching mechanism. Here, we can set:
𝑇𝑇𝐴 ≪ 𝑆𝑇𝐴 ⇒ 𝑘q = 𝑘q,STA
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4. STA always leads to the production of one triplet, which is without external
disturbances true due to the conservation of the total spin:
1𝑇 + 1𝑆 = 1𝑇 ⇒ 𝑘q,P,STA = 0 ⇒ 𝜑′′P = 𝜑P
With those assumptions, the difference between ambient and inert PLQY results as:
∆𝜑 = 𝜑N2 − 𝜑O2 = (𝜑′′F + 𝜑′′P) − (𝜑′F + 𝜑′P)
= 𝜑′′F − 𝜑′F + 𝜑′′P − 𝜑′P


















From line three to four it was used that 𝜑′′F can be expressed using its unquenched









If no multi-exciton processes are involved, Equation 4.21 collapses to 𝜑P. In general,
it gives an expression for ∆𝜑 as a function of the quenching rate. To get experimental
access to this we take the example without TTA, as written above, where 𝑘q = 𝑘STA.
This must be a rate, as it needs to be dimensionless after the division with 𝑘r. Here it
refers to the quenching of singlets, thus comparing it with the general rate equations
for biluminescent systems gives (cf. Section 2.5):
𝑘STA = 𝜅STA · 𝑛T,
where 𝑛T is the triplet density and 𝜅STA is the STA rate coefficient. The triplet
density can be calculated using the absorption of the sample (cf. Appendix B) and
is directly related to the excitation density of the sample. Defining the parameter 𝑞
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as measure for STA quenching as 𝑞 = 𝜅STA
𝑘r,F
, one ends up with ∆𝜑 as a function of the
triplet density and the quenching parameter:
∆𝜑 (𝑞, 𝑛T) = 𝜑F
(︂
1




Plotting the upper equation against the density of triplet state for a realistic param-
eter set gives the curve in Figure 4.8b. For very low excitation densities a plateau
evolves that converges towards the pure phosphorescence PLQY. For high densities
the curve drops towards 𝜑P − 𝜑F. This region however can never be reached with
the parameters taken here, as it exceeds 𝑁st, which is the total number of available
states. The higher the quenching parameter 𝑞 is set, the earlier negative ∆𝜑 will be
measured.
Now, if the PLQY of one sample is measured several times at different excitation
intensities the experimental data can be fitted, where 𝑞 and 𝜑P are the fitting pa-
rameters. 𝜑F can be extracted from measurements in ambient conditions. If 𝑘r,F is
assumed to be constant, the STA rate can directly be extracted from the fitted 𝑞. This
is representatively plotted for a sample of 2 wt% TPB in PMMA in Figure 4.8c. The
data here is located in the range, where the sign of ∆𝜑 switches with increasing triplet
density. The data suffers degradation which introduces additional uncertainty in the
evaluation, nonetheless it can be fitted quite well. Using the last measured fluores-
cent PLQY of 25 %, the fit results in 𝜑P = (2.0 ± 0.4) % and 𝑞 = (7 ± 2) · 10−21 cm3.
Hence, the evaluated value for the phosphorescence PLQY lies notably higher than
the highest measured value.
This set of measurement proofs that it is physically meaningful to obtain negative
values for the difference of 𝜑N2 − 𝜑O2 . This result cannot be explained by a simpli-
fied one molecule model but relies on non-linear processes like STA. To obtain the
triplet’s PLQY the calculation of this difference is obviously insufficient. To measure
the PLQY of a biluminescent sample it seems advisable to use low excitation densities.
Ideally, a series of measurement is carried out, even though this enhances the addi-
tional experimental work. However, often the strength of TTA cannot be neglected,
which makes the evaluation more complex. Additionally, this experiment raises again
the point that even with a very sensitive measurement setup for the PLQY, many
things have to be taken into account to end up with correct and meaningful values.
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Figure 4.8: a) The comparison of two spectra of the TPB sample used in this section at two different
excitation densities. The ratio between the fluorescent and the phosphorescent peak
remains unchanged. As comparison the spectra of a sample that is known to show
strong TTA are shown. All spectra are normalized to the maximum of the fluorescence
peak. The experimental data of the reference sample were provided by Tim Achenbach.
b) PLQY difference as function of the generated triplet states (cf. Equation 4.22). The
dashed part of the curve is just for visualization, but cannot be reached as it exceeds
the totally available states 𝑁st.
In the section before, a method was discussed to calculate the phosphorescent PLQY
using its share on the total emission. As in the example here, the ratio of fluorescence
to phosphorescence does not change with varying excitation density (cf. Figure 4.8a)
it is reasonable to compare both evaluation methods. A peak analysis of the spectra
at the highest excitation density gives a phosphorescent share of 𝜉 = (11.5 ± 3.5) %.
Having measured a total PLQY of 𝜑N2 of 24.1 %, this results in 𝜑P = (2.8 ± 0.8) %.
Unlike the difference of 𝜑N2 − 𝜑Air this value results in a positive value and within
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the error bars reproduces the fit results from this section. A line-shape analysis of all
different excitation density measurement reveals a slight increase of 𝜉 with decreasing
excitation power. This could hint that against the assumption, there is an influence of
TTA. However, the drop in the phosphorescent ratio is way smaller than the according
uncertainty, which reduces the impact of this observation.
As a summary it can be said that the method of using a line-shape analysis to calculate
the phosphorescent PLQY gives comparable results and relies on less assumptions.
Additionally, it is the way that needs less experimental effort and once implemented
also is of acceptable evaluative work. Nonetheless, the method of varying the excita-
tion density reveals more information about the dependence of the phosphorescence
PLQY on outer influences like the excitation density. Furthermore, it is a well proof-
ing example why the calculation of the sole difference of 𝜑N2−𝜑Air is never the correct
way of a PLQY calculation and why such measurements should always be performed
at low excitation densities.
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5.1 Motivation and Scope of the Experiment
In the previous section, the measurement procedure to get the PLQY of organic
molecules was discussed. During the evaluation of this method, it became clear that
biluminescent systems need a special treatment here. One example is the calculation
of the triplets’ PLQY, when there is also singlet emission at the same time, unlike
purely phosphorescent emitter show it. Also non-linear effects like STA and TTA
had to be taken into account for a complete understanding of the results. Other
colleges in our work group where facing similar effects in other experimental setups
at the same time. Additionally, in our group many other molecules than the archety-
pal NPB have been observed to show biluminescence at room-temperature (Salas
Redondo, 2017; Louis et al., 2019). Also from literature reports it was known that
many different kinds of organic molecules show either biluminescence or at least RTP
(Zhang et al., 2009; Reineke & Baldo, 2015; Xu et al., 2016; Hirata, 2017). How-
ever, at this stage one has to distinguish between only phosphorescent and bilumi-
nescent emitter materials. First of which mostly contain heavy atoms to enhance
the spin orbit coupling, which increases the probability of a spin flip of the electron
(Baluschev et al., 2006; Yersin, 2007). Whereas this is well known and understood for
a long time as the internal heavy atom effect (McClure, 1949; Baldo et al., 1998; Jou
et al., 2015), the appearance of phosphorescence of purely organic compounds at
room-temperature is not. Of course, to any singlet state the according triplet state
always exists. However, the questions if this triplet is efficiently populated via in-
tersystem crossing remains. Additionally, the inherently long lifetime of the triplet
state makes it sensitive to vibronic quenching. As a consequence, an elaborate sam-
ple preparation is sometimes necessary to unveil RTP therein. One approach is the
growth of crystalline structures (Yuan et al., 2010; Gong et al., 2015), even though















Figure 5.1: The chemical structures of the molecules used in this experiment. From TPB as an
archetypal biluminescent emitter, three pathways were followed. First, enlarging the
structure using 3P-TPB. Second, splitting TPB into two halves gives TPA. Third,
reducing the molecular size leads to DPB, benzidine, and biphenyl.
et al., 2018). Often, laborious molecular screening and material development needs
to be carried out to enable RTP (DeRosa et al., 2015; Shoji et al., 2017). On the other
hand, already in 2009 Tsuboi et al. presented RTP from a simple and well-known
organic molecule: TPB. In OLED research this has been used as hole-transport mate-
rial at least since the early nineties (Burrows & Forrest, 1994). Therefore, the physics
behind its fluorescent properties and its behaviour in neat films is widely investigated
(Low et al., 2004; Scholz et al., 2009; Bagnich et al., 2015). However, to our knowl-
edge Tsuboi et al. were the first to report about phosphorescence at all and RTP
in particular of that molecule. Interestingly, they needed neither heavy atoms nor
complex sample preparations. They just diluted TPB into a polystyrene matrix and
spin coated it onto a glass substrate. Still, the question what makes a molecule being
an RTP or even biluminescent molecule, is still not definitely answered. In contrast,
many publications merely present the discovery of new organic RTP molecules and re-
strict themselves to the sole spectroscopic characterization (Shoji et al., 2017; Tsuboi
et al., 2009).
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Figure 5.2: The calculated molecular orbitals of the TPB fragments. The conservation of the
electronic configuration, justifies the interpretation as fragments of the same molecule.
As a consequence, the experiments presented in this chapter aimed on a deeper un-
derstanding of the inherent properties of organic RTP molecules. Instead of making
complex structures, the already mentioned TPB is taken and compared to a series of
molecules that can be interpreted to be fragments of it. In this way the structural
part of the molecule that leads to RTP can be identified. The main findings of this
investigations are summarized in the according publication (Fries et al., 2020).
The molecules of the series are namely (from small to large): biphenyl, benzidine,
diphenylbenzidine (DPB), and tetra-phenylbenzidine (TPB). Additionally, the very
similar but enlarged molecule of 3P-TPB has been investigated. Instead of reducing
the molecule’s size from the sides, TPB can also be split in two symmetrical halves,
giving triphenylamine (TPA). The full names can be found in the materials section
of this work (Section 3.1). The chemical structures are displayed in Figure 5.1.
To justify the interpretation of this series of molecules as fragments of TPB, the
electronic configuration has been calculated by the co-worker R. Scholz. Ideally,
fundamental contributions to the molecular orbitals should be conserved, otherwise
an assignment of spectroscopic properties is difficult. In Figure 5.2, the results of
density functional theory (DFT) calculations can be seen, exemplarily shown for the
HOMO ground state (S0). Starting with TPB, it is visible, that the orbital is spread all
over the molecule, which is in agreement with prior findings (Low et al., 2004; Scholz
et al., 2009). Hence, the conjugation of the electronic system is continued across the
nitrogen atoms to the phenyl wings. Looking at the smaller fragments, it is confirmed
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that the molecular energy orbitals do not change randomly, but rather in a systematic
way, where more and more contribution transfers to the biphenyl core. For 3P-TPB
no drastic changes are observed, either. Besides the electronic configuration, a twist
of the molecules in the biphenyl core can be deduced from that calculations. The
torsion angle is (38 ± 2)° for all respective fragments, whereas in the case of 3P-TPB
this angle appears twice in the p-terphenyl core. Interestingly, exactly the same value
can be found in larger, complex molecules comprising an biphenyl core (Rudnick
et al., 2016). Undergo the molecules an intersystem crossing, their geometry flattens
drastically (Fries et al., 2020). This effect however, doesn’t seem to be crucial for
an efficient RTP behaviour, as many non-twisted molecules comprising RTP can be
found in literature (Hirata et al., 2013; Ma et al., 2019). To obtain deeper insight
into the processes behind those molecules, a spectroscopic characterization has been
carried out. This includes measurements of absorption, prompt and delayed emission,
and lifetime.
5.2 Spectroscopic Characterization
Information about the energetic landscape of the molecule can be extracted both
from absorption and emission measurements. As the absorption is always overlaid
by the absorption of the matrix material in the samples, this contribution has to be
taken into account. One way is to measure the absorption of pure matrix material
and subtract it correctly from the total measurement signal. A more straight-forward
way that does not rely on reference samples, is the measurement of the excitation
profile. Hereby, the emission at one given wavelength is recorded, while the excitation
wavelength is varied. That way the information is less overlaid by the matrix’ or the
substrate’s absorption. Both emission and excitation scans were measured using a
Fluoromax (cf. subsection 3.3.4).
From a theoretical point of view, the lowest energy in absorption, and the highest
energy in emission refers to the transition between the lowest vibronic energy of the
respective states, the so-called vibronic ground state. This gives the most undisturbed
information about the molecules energy landscape, like for example the singlet-triplet
splitting. The energy of the states usually scales with the size of the molecule. The
larger the molecule, the lower the energy. This can be explained using the quantum
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Figure 5.3: The spectroscopic data of the molecular series. a)Excitation scans. b) Emission scans.
c) The delayed emission, which can be assigned to the phosphorescence. d) The inten-
sity decay after having switched off the light source and the according mono-exponential
fits. e) Excitation and emission of quartz. The two excitation spectra refer to different




proportional to the square of the length of the well (Köhler & Bässler, 2015). This
effect is clearly visible in the excitation scans in Figure 5.3a. From biphenyl to 3P-
TPB, the maximum of the excitation peak shifts towards lower energy. TPA on the
other hand strongly overlaps with benzidine, even though TPA is supposedly slightly
larger. One feature that has to be explained is the additional peak at 4.5 eV or
277 nm. It appears in every spectrum, and consequently needs to be either a feature
of a common structure, or of the matrix or the substrate (for biphenyl it has been
measured, as well, but was subtracted in this figure to get a clear location of the
peak). The only common structural unit of all molecules is benzene. However, as the
peak of the biphenyl excitation is already located at a higher energy than this feature,
benzene would be even higher (compare also Langridge-Smith et al. (1981)). Hence,
it needs to be originated in either the matrix (PMMA) or the substrate (quartz
glass). The latter is falsified experimentally. As can be seen in Figure 5.3e, the
excitation of quartz is located below 260 nm. Two excitation spectra are shown,
referring to the both maxima in emission, respectively. Within the noise and the
low resolution of the data they are identical. In contrast, the excitation of PMMA as
shown in Figure 5.3f fits both in energy and shape to the additional feature of the other
molecules. The influence of the solvent that is used to dissolve PMMA and the emitter
molecules has also been investigated. Pure PMMA samples using different aromatic
and non-aromatic solvents were prepared. Independent of the solvent, fluorescence
with unchanged energetic placement and shape has been detected. This confirms the
assumption that the detected fluorescence is originated in PMMA. The proximity of
TPA and benzidine may be based on the interaction of the atomic orbitals of nitrogen
and the phenyl rings, as it happens in TPB (Sugiyama et al., 1998).
For the detection of the emission spectra, the influence of PMMA is not problem-
atic, except for biphenyl. Here, both excitation and emission overlay strongly. To
resolve this issue, a line-shape fit was performed for the PMMA emission. Then a
line-shape analysis of the measured biphenyl emission was done, where the PMMA
spectrum was used as a scalable background. The resulting curve is the one shown
in Figure 5.3b alongside the other molecules. Those measurements are carried out
in ambient conditions to avoid radiative decays of any triplet state (Salas Redondo
et al., 2017; Gmelch et al., 2019). Comparable to the excitation spectra, the size of the
molecule transfers directly to the respective emission energy. Interestingly, biphenyl



















































Figure 5.4: Line shape analysis of the biphenyl emission. a) and b) show the fluorescence and
phosphorescence, respectively. The coloured lines show the Gaussian shaped vibronic
sub bands. The scale of the y axis refers to a photonic transition probability. For
details see Section 3.5.
not differ so much compared to TPA or benzene. Obviously, the nitrogen atoms play
a crucial part here, even though it has been found that the LUMO of TPB is mainly
located on the biphenyl core (Treusch et al., 1999; Bagnich et al., 2015). At a first
glance, benzidine seems not to follow the relation between emission energy and the
molecular size. However, a definite statement to this can only be given after a more
profound evaluation using line shape analyses.
In Figure 5.4 the analysis is exemplary shown for biphenyl, whereas the results for
all other molecules can be found in Appendix D. The numerical results are recapit-
ulated in Table 5.1. Compared to the maximum of emission, the zeroth vibronic sub
band is shifted by about 0.3 eV. In the case of benzidine this shift is even 0.4 eV,
which explains the unexpected location of the emission maximum in Figure 5.3b. In
total, the positions of the vibronic ground state (𝑆00) follow the size of the molecular
structure (cf. Table 5.1).
The characterization of the phosphorescent properties of each molecule took place
under inert conditions, as oxygen quenches the triplet and the samples are not en-
capsulated. Both an extended luminescent lifetime and a delayed emission spectrum
could be identified for all the investigated molecules, but TPA (cf. Figure 5.3c and
d). This is interesting inasmuch as the fluorescence seemed to be strongly influenced
by the amine moiety, but the phosphorescence apparently is not. The lifetimes for
all molecules are in the tenth-second regime (cf. Table 5.1). The energy levels of
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Table 5.1: The numerical results for the TPB fragments. Energies have been obtained using a line
shape analysis, the lifetime results from an exponential fit of the measured intensity
decay.
Molecule 𝑆00 Δ𝑆vib 𝑇00 Δ𝑇vib Δ𝐸ST 𝜏P
[eV] [meV] [eV] [meV] [eV] [s]
Biphenyl 4.21 86 2.82 160 1.39 0.9
Benzidine 3.57 86 2.55 148 1.02 0.6
DPB 3.43 89 2.44 164 0.99 0.5
TPB 3.29 96 2.38 169 0.91 0.7
3P-TPB 3.16 99 2.27 183 0.89 0.6
the triplet state in this table have again been identified with the vibronic ground
state. From those values the singlet triplet splitting (∆𝐸ST) can be calculated. With
increasing molecular size, 𝑆00 and 𝑇00 drop by roughly the same ratio, which leads to
an absolute decrease of ∆𝐸ST. According to the energy gap law this should increase
the intersystem crossing rate with increasing molecular size (Köhler & Bässler, 2015).
Even though this does not affect the lifetime, it should be visible in the fluorescence
to phosphorescence ratio. Unfortunately, this measurement requires a wavelength
variable excitation, face emission detection, and inert atmosphere at a time. This
setup is still under construction and a detailed look into this point is recommended
as soon as it is possible. Nonetheless, as a first step, the sole proof of detectable
RTP is sufficient. Comparable to the considerations for the fluorescent spectra, the
influence of the matrix of the samples needs further consideration. It was found, that
the substrate does not play a role, PMMA however does. Also phosphorescence was
detectable for a pure PMMA film, with a stunning lifetime of 1.3 s and a spectrum
which is nearly congruent to the phosphorescence of biphenyl and a peak wavelength
of 490 nm. This raises the question, if the observed delayed emission of the biphenyl
sample is not just the luminescence of the matrix. This question actually is present
in the scientific community since the usage of plastics in UV spectroscopy, and also
phosphorescence of PMMA at room temperature has been reported at that time at
the same wavelength as here (Windhager et al., 1976). However, the fact that the
lifetime of the biphenyl sample is significantly shorter contradicts to this assumption.
On the other hand, the presence of the PMMA band in the excitation spectra of all
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molecules proves that some energy transfer happens between PMMA and the emitter
molecules, when excited around 277 nm, as the detection is set way above PMMA’s
emission wavelength. Still, this energy transfer cannot be the only or even predom-
inant reason for the appearance of RTP, as the phosphorescence of e.g. TPB was
measured with an excitation of 365 nm, which has no overlap with the excitation of
PMMA.
5.3 Discussion of the Results
A first lecture to learn from this investigations is of quite basic spectroscopic nature:
Just looking at the emission spectra measured in units of intensity over wavelength,
does not exploit the full information content of the data and can even lead to wrong
conclusions. Even the argument of comparing only within one set of samples has
failed here in the case of DPB. Of course those spectra are correct, when only the
regime of emission is of interest. When more insight into the physics is wanted, a line
shape analysis seems inevitable.
A notable detail in the results as shown in Table 5.1 is that the vibronic progres-
sion, which refers to the distance between two vibronic peaks, is quite different for
the fluorescence and the phosphorescence spectra (by a factor of two). As vibration
is a molecular based effect, rather than an electron-configuration based, one would
assume similar values for ∆vib in both cases. However, it has been observed in Ra-
man spectroscopy of biphenyl before that in the phosphorescence only every second
vibronic transition is dominant (Lim & Li, 1970). This is in rather good agreement
with the measured data here.
The tendency of decreasing singlet-triplet splitting with increasing molecular size and
its influences on the RTP should be investigated as soon as an adequate experimental
setup is available.
Phosphorescence of the PMMA matrix has also been observed, as in previous reports
(Windhager et al., 1976). In the case of biphenyl the energetic regime of the emission
overlaps strongly. This may hint a major influence of PMMA on the RTP of biphenyl.
However, the different lifetimes measured for biphenyl and PMMA contradict to this
assumption. Additionally, the line-shape analysis of biphenyl is really similar to the
larger molecules like TPB, which has no spectral overlap with PMMA. This hints that
the influence of the matrix is not too strong. Nonetheless, theses findings together
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with the knowledge that plenty different molecules show biluminescence as soon as
they are embedded at low concentration in PMMA (Salas Redondo, 2017), strongly
demand more research on the actual influence of PMMA.
The scope of this experimental series has been to look into the structural origins of
biluminescence and RTP in organic molecules. It turns out that any molecular frag-
ment containing a biphenyl core shows RTP, whereas TPA does not. In contrast to
that, the fluorescence indeed seems to be affected by the amine moiety. This is in
good agreement with earlier research. Seo et al. calculated the influence of each atom
in NPB on the energetic landscape and found that the HOMO energy is determined
by the electrons on the nitrogen atom. From DFT calculations it was also found
that the twisting angle of biphenyl or the biphenyl-core flattens in the triplet geome-
try. However, there are reports where RTP can be seen in comparable samples with
fluorene- or phenanthorline-based molecules (Hirata et al., 2013; Louis et al., 2019),
both of which have been found to have a flat geometry (Khan et al., 2017; Howell &
Gordon, 2004). Especially Hirata et al. show a detailed analysis of fluorene based
molecules. According to them, the addition of electron donor like moieties enhances
RTP of fluorene. In our case this refers to the diamine, which is known to have donor
properties (Panthi et al., 2010). Additionally, by comparison of TPA and TPB, ex-
periments were reported which hint that the spectroscopic properties of TPB have
to be dominated by the biphenyl core, though phosphorescence has only be observed
at 77 K in that case (Bagnich et al., 2015). With this respects, our research fits well
to the current state of RTP research. On the other hand the donor-acceptor argu-
ment is not valid for pure biphenyl. But here the theoretical calculations of Danovich
et al. show that a twisting of an ethylene bond leads to an increase of the intersystem
crossing (cf. subsection 2.2.2). This behaviour has also been seen in further works for
ethylene (Salla et al., 2019), but also in biphenyl (Yuan et al., 2020). Yet, it is known
that a larger twisting breaks the 𝜋 orbital (Turro et al., 2010; Bagnich et al., 2015).
Consequently, one explanation of the results here could be that biphenyl provides
a basis, which due to its intermediate sized twisted nature has an inherently high
intersystem crossing rate. Adding the amine moieties, shortens the triplet lifetime, as
the donor property of the nitrogen atom comes into play, together with the smaller
∆𝐸ST.
In summary, new findings could have been added to the general knowledge of RTP
in organic molecules and the origin at least in this series could be pinned down to
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the biphenyl core. Consequently, its moderately twisted nature could have been
attributed to mainly determine the RTP properties of larger molecules compris-
ing a biphenyl core. Equally important to those findings, further intriguing ques-
tions came up by this investigations, as for example the detailed influence of the
PMMA matrix and the potential energy transfer between it and the guest molecules.
Comparable fragmentation experiments should be carried out in future work with
other RTP molecules without biphenyl cores, like e.g. 2-TNATA (4,4’,4”-Tris[2-
naphthyl(phenyl)amino]triphenylamine) which basically consists of three TPA moi-
eties linked via a central nitrogen atom (Salas Redondo, 2017). A comparison with




6 Brominated TPB as Test
Case for Rate Equation
Fitting
6.1 Scope and Expectations
In the previous chapter, the focus was on investigating the structural properties of
organic molecules that promoted the appearance of RTP. Having the chance to track
the origin down, it becomes more interesting to have a detailed look into the pro-
cesses of a given biluminescent molecular system. Besides data that is experimentally
accessible, like the PLQY or radiative lifetimes, non-detectable measures ought to
be specified. Only then, influencing factors can be identified and future molecular
research or the sample preparation adjusted accordingly. Such quantities are for ex-
ample the non-radiative decay rates of both fluorescence and phosphorescence. The
rate equations for a biluminescent system (Equation 2.10) actually give a quite com-
prehensive picture of all the processes possibly encountered. Based on previous work
carried out in our work group, a numerical fitting tool has been developed that com-
pares experimental transient intensity measurements to the results given from the
rate equations. That way, numerical values for the numerous parameters can be ex-
tracted. Of particular interest here is, of course, the intersystem crossing rate, as it
is the key parameter to discriminate between purely fluorescent, phosphorescent, and
biluminescent emission. In Figure 6.1, a typical measurement is sketched and charac-
teristic regions are marked that contain different important features to fit the data:
The intensity increase after the light-source has been switched on (𝑡 = 0 . . . 3 s), is in
the non-saturated case determined by 𝜅STA, 𝑘ISC, and the ratio of the PLQY values
𝜑F and 𝜑P. The drop at 𝑡 = 3 s, which is the time when the excitation is switched
off, mostly depends on the previous population of the triplet states (𝑘ISC), and their
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Figure 6.1: A typical transient intensity measurement, here of TPB. Different characteristic fea-
tures and their main dependencies are marked: The increase until a steady state is
reached, the height of the intensity drop when the light source is switched off, and the
steepness of the intensity decay. The reaction time of the PD is also marked, to clarify
that this increase is no physical feature, but rather a resolution issue that is not taken
into account for the fit. TTA mostly results in a multi-exponentially-shaped intensity
decay.
brightness (𝜑P). The steepness of the decaying phosphorescence, is the main indica-
tor for the phosphorescent lifetime 𝜏P. If this decay is in a semi-logarithmic plot not
a straight line, but bended, it is an indicator for TTA and the corresponding rate
coefficient 𝜅TTA. As there are several free parameters that need to be fitted, a series
of molecules has been chosen, such that trends in the fit parameters can be observed
and used as additional information about the meaningfulness of the results.
The molecules under investigation in this chapter are based again on the previously
studied TPB. From that starting point, four brominated versions have been synthe-
sized, where the chemical synthetic work was carried out by Anna Haft. The result-
ing molecules differ in their grade of bromination and will be referred to as: BrTPB,
Br2TPB, Br3TPB, Br4TPB, or in general Br𝑥TPB. Their chemical structures are
given in Figure 6.2. The Br2TPB could also be formed with two bromine atoms at
one amine-moiety, however, based on the synthesis we assume that the structure as
shown here is the predominant one.
The addition of heavy atoms to organic molecular samples is a well-known method to
increase the spin-orbit coupling and hence the intersystem crossing (ISC). So, within
our molecular series, we expect a clear trend in the ISC rate, but also in any other
triplet related characteristic like the TTA rate. Besides the quantitative analysis of
the heavy-atom effect on those biluminescent molecules, this systematics and trends
make it a promising model set for the evaluation and test of a stable fit procedure.
88


















Figure 6.2: The molecular structures of the Br𝑥TPB-series.
This chapter is separated into four parts: A short theoretical introduction to the
heavy-atom effect that also explains the trends that are to expect, the basics and
prerequisites of the fitting tool, the experimental PL characterization of the molecular
series, and finally the fit results.
6.2 The Heavy-Atom Effect
In subsection 2.2.2 of the theoretical introduction of this thesis, the process of in-
tersystem crossing was introduced. In that section, however, the focus lay on purely
organic molecules without content of heavy atoms. Those are now strongly influencing
the luminescent properties, which is why further theoretical details of the so-called
heavy-atom effect will be recapitulated. Disregarding El-Sayed’s rule and possible
molecular distortions, the perturbation of the individual conservation of orbital (L)
and spin (S) angular momentum enables spin flips and consequently ISC. The so-
called spin-orbit coupling is an interaction between the angular momentum 𝜇 arising
from the electron’s spin, and the magnetic field ?⃗? due to its movement around the nu-
cleus, i.e. the orbital angular momentum. Analytical deductions for the strength, the
interaction energy, or the Hamiltonian for spin-orbit coupling are possible with basic
quantum mechanics for hydrogen-like atoms and non-relativistic calculations (Haken
& Wolf, 1987). From them we learn that the interaction scales with the atomic num-
ber to the power of four 𝑍4 (Atkins & Paula, 2006). However, one has to state that
for the outer electrons in larger atoms, the interaction gets weaker, which can phe-
nomenologically be explained as a screening of the nucleus by the electrons of inner
shells (Solovyov & Borisevich, 2005; Marian, 2012). As the atomic number correlates
with the total weight of atoms, a strong spin-orbit coupling is expected mostly from
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heavy atoms. That is why the influence on photophysical processes, in particular the
phosphorescence, is referred to as heavy-atom effect (Turro et al., 2010).
In contrast to the single-atom picture considered so far, in organic molecules the
electrons may be conjugated over many nuclei. Still, an increase of spin-orbit cou-
pling induced processes can be observed, where two cases are differentiated: The
first case is called internal or intramolecular heavy-atom effect, where mostly halide
atoms like bromine or iodine are substituents of aromatic compounds. Often, they re-
place a peripheral hydrogen atom, which keeps the basic carbon-structure unchanged
(Valeur, 2001). Importantly, also the electronic configuration and the energy levels
can be conserved that way. This can be understood when looking at the electroneg-
ativity, which is a measure for the strength, an atom pulls electrons to itself within
a chemical bond. Of all elements, fluorine has the highest value of 4.4, which is
dimensionless in the Mulliken scale. As comparison, hydrogen has 3.1, carbon 2.7,
and nitrogen 3.1, whereas halides have 3.5 (Cl), 3.2 (Br), and 2.9 (I). All values are
taken from Atkins & Paula (2006). This shows clearly, that even though the mass is
drastically changed, when substituting a peripheral hydrogen by iodine or bromine,
the electronegativity is not drastically changed. Additionally, besides the bonding
electron, any orbital of halides contain paired electrons, which hardly interact with
the conjugated 𝜋-system of the residual molecule. Those basic considerations are also
confirmed by DFT calculations. For example in the publication of Xiang et al. (2017),
one peripheral hydrogen atom of an organic molecule of similar size as TPB is sub-
stituted by chlorine or bromine. And even though, chlorine has a relatively high
electronegativity, the calculated conjugated orbitals and energy levels hardly differ
between the original, and the two halogenated molecules. Also other reports show that
the emission and absorption spectra of heavy-atom substituted molecules stay rather
untouched (Yuan et al., 2010), though changes in the predominant vibronic transi-
tion can appear (Sun et al., 2016). Contrary, the dynamics of the transitions change
clearly, due to the increased SOC. First reports on shortened triplet state lifetimes
in halogenated organic molecules already date back to the middle of the last century
(McClure, 1949). The effective singlet-triplet transition is also reflected in a strong
decrease of the fluorescence PLQY, alongside an increase of the phosphorescence one,
as for example shown in a series of fluorinated naphthalene (Valeur, 2001; Solovyov
& Borisevich, 2005). Not only the radiative transitions get promoted, but also the
non-radiative, which leads to a decreasing total PLQY. This issue requires partic-
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ular attention in phosphorescent OLEDs, where efficiency is one key factor for the
choice of material. In this case, the molecules usually are designed the way that the
heavy atoms are in the centre, resulting in a strong intersystem crossing. It has to
be added though, that here the processes leading to intense radiative triplet-singlet
transitions, and consequently efficient triplet emission, are more complex than just
taking the atomic number as perturbation. Rather a mixing of orbitals and the ap-
pearance of metal-to-ligand charge-transfer states need to be taken into account (You
& Park, 2009). Still, internal efficiencies up to unity were achieved with iridium-based
molecules (Ikai et al., 2001; Yersin, 2007).
The second case is called the external heavy-atom effect, which means that the molec-
ular structure of the emitting molecule is not altered. Instead, heavy-atom containing
additives are brought to close vicinity of the dye. This brings advantages over the
internal heavy-atom effect: As the known dye doesn’t need to be changed, one is not
limited to the chemically possible bond-sites for halides. Additionally, the concrete
strategy can be chosen way more flexible and ranges from the addition of small salts
like alkali halides (Hofeldt et al., 1970; Sahai et al., 1971), over co-crystallization with
a halogenated molecule (Xue et al., 2017), to the use of halogenated hosts (Reineke
& Baldo, 2015; Einzinger et al., 2017). Especially the latter is beneficial in the sense
that e.g the sample preparation procedure of OLEDs doesn’t need to be changed.
But still, the heavy-atom effect can be exploited therein.
6.3 Estimation of the ISC Rate
One key parameter in RTP and biluminescent molecules is the intersystem crossing
rate 𝑘ISC. It determines the share of excitons changing its state from a singlet to
a triplet and hence is an important measure when such a transition is likely in a
compound. Knowing this parameter allows a more target-oriented research towards
the specific requirements. In literature different approaches to determine this rate
are present, which rely on different assumptions according to the specific situation.
In organometallic complexes that are designed to have purely phosphorescent emis-
sion, intersystem crossings can happen on a femtosecond scale (Yersin, 2007), which
makes 𝜑ISC ≈ 1, an assumption which is often made in phosphorescent OLED re-
search (Adachi et al., 2001; Kawamura et al., 2005). For TADF emitters, where both
intersystem crossing and reverse intersystem crossing is well prominent, but triplet
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emission is not, one can estimate 𝑘ISC when neglecting phosphorescent rates by using
the delayed PLQY of the emitter (Tao et al., 2014; Einzinger et al., 2017). For purely
organic, fluorescent dyes, a technique is to measure the PL-emission characteristics
at very low temperatures. This allows to neglect non-radiative rates (Kawamura
et al., 2004b) and is similar to our estimation of the upper limit, as discussed in this
section.
For a biluminescent emitter at room temperature, none of the above-mentioned as-
sumptions hold true. Still, several quantities can be measured and at least allow the
estimation of the intersystem crossing rate. From experiments under ambient condi-
tions, one knows 𝜏F, 𝜑F, and so 𝑘r,F. Going to inert conditions, one additionally gets
𝜏P and 𝜑P. Those values are sufficient to at least estimate a region of possible values





the following relation holds true: 𝑘r,P
𝑘r,P+𝑘nr,P
≤ 1. This means that at most any exciton
undergoing ISC decays radiatively, resulting in 𝜑P ≤ 𝜑ISC. As the ISC efficiency can





An estimate for the upper limit can be obtained starting from the fluorescent lifetime
𝜏F =
1
𝑘r,F + 𝑘nr,F + 𝑘ISC
. (6.3)












(1 − 𝜑F) − 𝑘nr,F. (6.4)
The only unknown in this equation is 𝑘nr,F, the non-radiative decay rate of the singlets.




(1 − 𝜑F) (6.5)
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This is the aforementioned assumption present in literature for measurements at very
low temperatures of 5 K (Kawamura et al., 2004b). In total one ends up with a






(1 − 𝜑F) . (6.6)
Typical values for a biluminescent molecule are a fluorescent lifetime in the nanosec-
ond range, a phosphorescent quantum yield around 5% and a fluorescent yield of 30%.
This gives numerical limits of:
5 · 107 s−1 ≤ 𝑘ISC ≤ 7 · 108 s−1, (6.7)
which is in agreement with values for other organic compounds comprising RTP or
TADF (Kawamura et al., 2004b; Einzinger et al., 2017) and higher than for example
naphthalene (Valeur, 2001).
6.4 Rate Equation Fitter
As the estimated value for the ISC range in the previous section spans a quite large
range, more profound information about it may be gained from simulations of the
time-dependent emission-behaviour of a biluminescent sample. Those simulations are
based on the coupled system of rate equations as given by the Equations 2.10 in Sec-
tion 2.5. A basis for those simulations was laid by Karla Roszeitis in her Master’s
Thesis (Roszeitis, 2017). There, she investigated the qualitative influences of various
parameters in the rate equations. During my thesis, I further evaluated her code and
wrapped it into a fit routine to go from qualitative to quantitative statements. Look-
ing at the rate equations again, one finds information about measurable quantities
and free fit parameters:
d[𝑆1]
d𝑡
= 𝑘exc[𝑆0] − (𝑘r,F + 𝑘nr,F + 𝑘ISC) [𝑆1] + 𝑘RISC[𝑇1]
+ 𝛼 · 𝜅TTA[𝑇1]2 − 𝜅STA[𝑆1][𝑇1] − 𝜅SSA[𝑆1]2
d[𝑇1]
d𝑡
= 𝑘ISC[𝑆1] − (𝑘r,P + 𝑘nr,P + 𝑘RISC) [𝑇1]
− (1 + 𝛼) · 𝜅TTA[𝑇1]2
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To reduce the number of free parameters, the following simplifications are made: First,
the reversed intersystem crossing is set to 0. This is motivated by the fact that for a
non-negligible 𝑘RISC, a notable fluorescence would be visible in the delayed emission,
which is not the case. Additionally, the large energetic distance ∆𝐸ST ∼ 1 eV makes
this process unlikely. Second, singlet-singlet annihilation is ignored, because as soon
as [𝑆1] reaches a constant limit, which happens in the range of the singlet lifetime, SSA
can not be differentiated from the non-radiative rate of the singlets. Third, the factor
𝛼 is set to zero, which simplifies the TTA processes to purely Förster-mediated TTA,
and results in the quenching of one triplet per TTA occurrence. This assumption
may be the most critical one here, as it ignores a potential contribution of Dexter-
TTA, but it can be motivated by the dilution of the dyes at low concentrations
into a non-conductive matrix. Still, it is a simplification, as also Förster-TTA is
distance-, and with this concentration-dependent. So in future work, time-dependent,
or more concise, triplet-density dependent TTA rates should be considered (van Eersel
et al., 2015). Finally, [𝑆0] can be expressed as [𝑆0] = [𝑁 ] − [𝑆1] − [𝑇1]. This changes
the upper relations as follows:
d[𝑆1]
d𝑡
= 𝑘exc ([𝑁 ] − [𝑆1] − [𝑇1]) − (𝑘r,F + 𝑘nr,F + 𝑘ISC) [𝑆1] − 𝜅STA[𝑆1][𝑇1]
d[𝑇1]
d𝑡
= 𝑘ISC[𝑆1] − (𝑘r,P + 𝑘nr,P) [𝑇1] − 𝜅TTA[𝑇1]2
(6.8)
This set of coupled differential equations contains nine free parameters that were
needed to be fitted. Obviously, this is too much to gain reliable physical information.
However, using experimental data, some of them can be determined beforehand or at
least limited to a certain range.
6.4.1 Experimental Input parameters
Experimental parameters available with our setups are the following:
• The singlet lifetime 𝜏F.
• The triplet lifetime 𝜏P.
• The fluorescent quantum yield 𝜑F.
• The phosphorescent quantum yield 𝜑P.
• The density of available states [𝑁 ].
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• The absorption 𝐴 and the thickness 𝑑 of the film.
With those measurements, the number of free parameters can be reduced using the
following relations.
[𝑁 ]: As written in Section 2.5, the density of available states is restricted to 𝑆0, 𝑆1,
and 𝑇1. As each molecule here carries only one chromophore, [𝑁 ] is equal the density
of molecules. This can be calculated from their molar mass and the mixing ratio of
the host and guest solutions, when preparing the samples. So, it is a parameter which
can first be calculated and second kept fixed for a set of samples of different molecules
to allow for a better comparability. For historical reasons, the standard sample prepa-
ration within our group leads to a density of states of [𝑁 ] = 2.4 · 1019 cm−3, which
corresponds to a concentration of 2 wt% in a sample of NPB in PMMA. Detailed
information on this can be found in Table 6.1.
𝑘r,F + 𝑘nr,F + 𝑘ISC: This sum equals 1/𝜏F. The same holds true for the respective
terms for the triplets.
𝑘exc: The so-called pump term can be calculated from several measurements. First,
the intensity of the excitation light-source is needed, or rather its generated photon-
flux per area and time 𝛷𝜈 . This can e.g. be achieved by measuring the spectrum at
the sample position with a calibrated spectrometer. Using the sample absorption 𝐴





Table 6.1: Details on the sample preparation. Each film was produced to have the same density of
states [N].
Molecule Molar Mass [g/mol] Concentration [wt%] [N] [cm−3]
TPB 488.6 1.7 2.4 · 1019
BrTPB 567.5 1.9 2.4 · 1019
Br2TPB 646.4 2.2 2.4 · 1019
Br3TPB 725.3 2.5 2.4 · 1019
Br4TPB 804.2 2.7 2.4 · 1019
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As the rate equations describe the processes per molecule or state, one has to divide






𝑑 · [𝑁 ]
. (6.9)
Experimentally, this term is in the order of 0.1 s−1, which means that in a non-
saturated case, each molecule is excited ten times per second. Simulations on the
rate equations show for realistic parameters that a notable saturation should only be
visible if 𝑘exc > 2. Therefore, no strong influence of saturation is expected in these
experiments.
Now, the rate equations read:
d[𝑆1]
d𝑡











This leaves only three parameters without experimental foundation: 𝑘ISC, 𝜅STA, and
𝜅TTA.
6.4.2 Determination of 𝑘r and 𝑘nr
Having reduced the complexity of the system above, a more reliable fit may be pos-
sible. Still, the numerical values of the radiative and non-radiative rates may be of
interest. Using the fit results, they can be calculated afterwards:
𝑘r,F: The singlets’ radiative rate is given by 𝑘r,F = 𝜑F/𝜏F.
𝑘nr,F: Having the radiative rate, this is directly given by: 𝑘nr,F = 1/𝜏F − 𝑘r,F − 𝑘ISC
𝑘r,P: The radiative rate of triplet decay cannot directly be calculated from its PLQY,




= 𝜑ISC · 𝑘r,P · 𝜏P
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𝑘nr,P: Having the radiative rate this is directly given by: 𝑘nr,P = 1/𝜏P − 𝑘r,P.
6.4.3 Discussion of the Fit Routine
In the final fit routine, several strategies can be followed. The first is to fit the reduced
rate equations (Equation 6.10) and keep the parameters with experimental foundation
fixed (𝑘exc, 𝜏F, 𝜏P) and try to fit the residual ones (𝑘ISC, 𝜅STA, 𝜅TTA). However, of
course, the experimental values can suffer both systematic and random uncertainties.
For example, the fluorescent lifetime strongly depends on the correct measurement
of both the sample signal and the instrument response function. On the other hand,
simplifications are included as, for example, the calculation of the pump strength
ignores thickness-dependent absorption and excitation.
Another pathway to follow, is to run a first fit as written above. These results can
then be used as starting parameters for a fit where also the experimental values allow
for a variation in a reasonable range.
A third way, that also accounts for the experimental uncertainty, is to fit the more
general rate equations (Equation 6.8) and calculate the start values and fit limits
according to the experimental data available (e.g. for 𝑘r,F). Even though this strategy
suffers from the fact that correlations can appear between several fit parameters, it
was the one giving the best fitting performance. This may be due to the cross-linking
of the several factors: for example the radiative rate appears in in the PLQY and the
lifetime. In the latter, a change can easily be compensated by varying the ISC rate or
the non-radiative rate, whereas this is not so direct in the PLQY. Those correlations
though, make the fitting unstable if bad starting parameters are chosen, and hence
rely on interaction with the user, to adjust starting parameters or fit limits if needed.
The final fit routine minimizes the residual, which is the difference between measured
and fitted curve. The routine was written to fit different parameters and regions of the
intensity curve separately, to minimize cross-correlations: First mainly the plateau
was taken into account, which means that solely 𝑘STA, 𝑘ISC, and the pump-rate were
varied. Subsequently, this was repeated, but also the radiative and non-radiative
decay rates were enabled to be varied. Fitting the phosphorescent decay, one faces
the difficulty that the residual is an absolute value: As the decaying intensity is
one to three orders of magnitude lower than the plateau, differences between fit and
experiment do hardly influence the total residual here. This leads to the artefact
that the residual can be minimal, if the plateau is perfectly hit, but the decay is
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completely off. To overcome this hindrance, a relative residual was defined, which
is the residual divided by the fit values. That way especially the low intensity parts
of the measurements determine the total fit. Consequently, the relative residual was
used, when only the decay rates of the triplet together with the TTA rate were set
as variable fit parameters.
6.4.4 Data Acquisition and Experimental Influences
The basis for the fit routine is a transient intensity measurement of a bilumines-
cent sample under inert conditions as explained in Figure 6.1. Here, an excitation is
switched on and kept on until a steady-state intensity is detected (∼ 3 s). The lumi-
nescence is made of a primarily unknown ratio of fluorescence and phosphorescence.
Then the light-source is switched off, which leads to a steep step in the detected inten-
sity. This is due to the fact that the resolution of the detector limits the measurement
to a micro- to millisecond timescale, whereas the fluorescence decay happens within
a nanosecond range. Hence, one can consider the fluorescence to cease coincidentally
with the excitation light-source. The residual light is phosphorescence, decaying with
the respective lifetime.
To determine the triplet lifetime, wavelength-dependent responses of the measure-
ment equipment can be ignored, as only time-dependent changes in the decay are of
importance. Fitting the whole cycle, however, requires a correct spectral calibration
of the detector. Otherwise, the share of fluorescence and phosphorescence to the
steady-state intensity is misinterpreted. This is directly related to the step height
when switching off the light source.
The detector is a preamplified photodiode (cf. the methods Section 3.2). As the pre-
amplification electronics is unknown, it complicates a custom made correct calibration
of the photodiode itself. Nonetheless, a typical response curve available from the
manufacturer, will be used for the rest of this chapter. Additionally, the transmission
of the long-pass filter in front of the detector is taken into account. A further influence
is the geometry of the setup, which means that many photons emitted by a radiative
decay do not hit the detector. This can be taken into account with a constant factor,
which can be determined by a comparison of the measured spectral intensity and the
detected electrical signal for various excitation intensities.
Another influence that cannot be taken into account correctly, is a possible spectral
distortion due to the detection of the samples’ edge emission. As written before, this
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introduces distortions based on wave-guiding and subsequent reabsorption effects.
However, just as in the previous chapter, a setup to measure the face-emission under
inert conditions without detection of the excitation light is still under construction.
Additionally, in the experiment as discussed here, it is of minor importance, as the
spectral shape between the different samples does not differ strongly.
For the final fit one further parameter needs to be added to the rate equations, which
is a baseline or a background level. As any photodiode has a certain sensitivity level,
the measured intensity never drops completely to zero.
6.5 PL Characteristics of the BrxTPB-Series
As assumed above, adding bromine atoms to the dye (TPB) does not change its
emission characteristics drastically. For the fluorescence, the peak is always located
slightly above 400 nm, whereas some distortions are visible in the emission tail of
BrTPB (cf. Figure 6.3a). Those are possibly due to the promotion of different vibronic
substructures. The phosphorescence in Figure 6.3b is shown in a non-normalized way
to stress the fact that the intensity decreases with increasing degree of bromina-
tion. Besides that the spectral location of the main features are conserved, even
though the ratio between different vibronic peaks changes. The decreasing intensity
seems to contradict the expectation that the phosphorescent emission increases with
adding bromine atoms. However, it actually is only a matter of display, which be-
comes clearer, when plotting the steady-state emission under inert conditions, as in
Figure 6.3c, where the phosphorescent part of the spectrum is more intense for the
brominated molecules, than it is for TPB. Interestingly, it seems as if 𝜉, the phos-
phorescent share on the total emission, was higher for the Br3TPB, than it is for the
Br4TPB. One needs to be careful with such a conclusion though, as the fluorescence’
tail is also more intense in the case of Br3TPB. This is why the phosphorescence
only appears to be more intense. As in the case of the TPB fragments in Chapter 5,
reliable information can only be obtained from a line-shape analysis of the spectra.
This evaluation reveals the following trend: TPB starts rather low with a phospho-
rescent share of 𝜉 = 11.7% and it raises steadily until it reaches 43.3% for Br4TPB
(cf. Table 6.2).
The questions remains, why the signal intensity of the phosphorescence decreases
with increasing bromination, even though the phosphorescent share increase. The
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Figure 6.3: a) The fluorescence of the Br𝑥TPB series. Each spectrum is normalized to its emission
maximum. The peak at 365 nm is the excitation. b) The phosphorescence is given in
photon counts in the unit 1013 m−2s−1nm−1. c) The joint fluorescent and phosphores-
cent emission. d) Normalized intensity decays of the delayed phosphorescence. Black
lines mark the according double-exponential fit for the lifetime determination.
reason is similar to what has already been seen before in halogenated naphthalene
(Valeur, 2001; Solovyov & Borisevich, 2005): the nonradiative decay channels seem to
be promoted so strongly that the total PLQY decreases. As can be seen in Table 6.2,
the measured values show a strong decrease both in ambient and inert conditions. Also
the triplet PLQY, resulting as 𝜑P = 𝜉 · 𝜑F+P, decreases with each additional bromine
atom. The drop in the fluorescent PLQY is supposed to be mainly based on the
enhanced ISC, which is an intensified depopulation channel. The inherent singlet de-
cays are supposed to be unmodified for now, which is an assumption frequently found
in literature reports (Cowan & Drisko, 1976; Solovyov & Borisevich, 2005; Einzinger
et al., 2017). In total, the fluorescent PLQY drops, as should do the lifetime. This
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Table 6.2: The numerical results for the BrxTPB-series. 𝜉 is the phosphorescence to luminescence
ratio. 𝜑P is given as the product of 𝜑F+P and 𝜉.
Molecule 𝜑F [%] 𝜑F+P [%] 𝜉 [%] 𝜑P [%] 𝜏F [ns]1 𝜏P [ms]
TPB 32.1 33.5 11.7 3.9 0.70 727
BrTPB 19.0 22.3 15.4 3.4 0.55 568
Br2TPB 6.8 9.8 29.2 2.9 0.20 184
Br3TPB 5.1 7.4 37.1 2.8 0.18 117
Br4TPB 4.0 6.1 43.3 2.7 0.12 92
is confirmed using fluorescence lifetime measurements. Indeed, as also visible in Ta-
ble 6.2, it decreases by 86 % from 0.7 ns for TPB to 0.1 ns for Br4TPB.1
The phosphorescence lifetime is determined from the decaying intensity after the
excitation light has been switched off. The fit has been carried out using a double-
exponential function, which gives reasonable fits, i.e. low and flat residuals. Inter-
estingly, 𝜏P and 𝜏F drop nearly by the same factor. This indicates that the increase
of 𝑘ISC is comparable to that of 𝑘r,P + 𝑘nr,P. One remark here is that the experimen-
tal value of 𝜏P is already obtained from the same transient intensity measurement
that will be fitted later on, using the rate equations. Hence, it is not a completely
independent measurement, but still gives starting values for the fit in the following
section. Additionally, the fit curves as obtained here reproduce the decays quite well,
but not perfectly, which lets room for TTA.
6.6 Fit Curves and Numerical Values
The fitting was realized in a stepwise process as described in subsection 6.4.3. The
experimental data were taken to calculate the starting parameters and boundaries.
An exemplary fit is shown in Figure 6.4 for one TPB sample. The fit curves to all
the other molecules of this series can be found in the Appendix E. This graphical
1Unfortunately, it was found at a very late stage of my thesis that the default setting of the TCSPC
setup was set to incorrect values. As this issue has been fixed, the measured lifetimes resulted
slightly higher (∼ by a factor of 1.5). Unfortunately, it was not possible any more to repeat
all the experiments presented here. Hence, the numerical values are not completely correct, but
qualitative results are still valid. Another important note here is that the experimental values
are only used as starting parameters for the fit routine but are not fixed to those values.
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Figure 6.4: A complete measurement cycle for TPB. The green curve is the fit according to the rate
equations. The relative residual is a measure for the quality of the fit. To stress certain
important fit properties, two regions are plotted in detail below: On the left-hand side,
the plateau while the excitation light is on. This is shown on a logarithmic x-axis,
which underlines the rising curvature for small times. On the right-hand side, the
noise level is shown, where the black line denotes the base-line used in the fit routine.
output is separated into several parts: The main figure is the whole measured curve,
starting at 𝑡 = 0 with the switch-on of the excitation, which is stopped at 𝑡 = 3 s.
The data acquisition ends, when the phosphorescence approaches the background
level. It is shown in logarithmic y-scale to cover the wide intensity range. In this
representation, the basic course of the fit can be judged, like for example the height
of the intensity step at 𝑡 = 3 s or the shape and steepness of the phosphorescent
decay. Right below in blue, the relative residual is shown. Ideally, this should be
symmetrical around 𝑦 = 0. In the graph as shown here, it has a trend towards
positive values, which means that the intensity for 𝑡 > 5 s is overestimated. This
hints that the fitted phosphorescence lifetime is slightly too high. Crucial information
from the plateau shape, however, is neither visible from the main figure nor from the
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relative residual, as it depends on the interaction of the steadily populated triplets
and singlets. Hence, interesting processes happen in the millisecond-regime and are
better displayed in linear intensity- and logarithmic time-scale. This can be found in
the smaller, bottom-left graph. For carrying out the experiments in a non-saturated
case, an increase of intensity can be seen, as the triplet states get filled and start
emitting according to their lifetime. A more detailed discussion on this process can
be found in the thesis of Karla Roszeitis (2017). The height, the steepness, and the
curvature of the intensity increase are the factors contributing most to fit STA and
the PLQYs. Finally, in the bottom-right graph, the intensity is shown for the last
measured second in both linear intensity and time scale, which allows to check the
fit of the background level, even though for the case of TPB, the measurement time
was insufficient to reach the baseline.
Carrying out such a rate-equation fit for all brominated versions of TPB allows a sys-
tematic investigation how the heavy atoms influence the process rates of the molecular
system. In Figure 6.5a the evolution of the ISC rate is shown. The grey area marks
the experimental expectation and increases with the degree of bromination. So do
the fitted values. Even though the step from TPB (𝑘ISC = 6.1 · 108 s−1) to BrTPB
(𝑘ISC = 6.5 · 108 s−1) is small, the general course is increasing and ends as high as
7.6 · 109 s−1 for Br4TPB. Of course, this is completely in accordance with the expec-
tations from brominated molecules, as the SOC is boosted. The estimation of the
ISC rate (Section 6.3) was based on the two relations 𝑘r,P
𝑘r,P+𝑘nr,P
≤ 1 and 𝑘nr,F ≥ 0.
This together with the fact that the ISC rate is just below the upper experimental
limit hints at two points: First, that the radiative triplet rate needs to be smaller
than the non-radiative one. Second, that 𝑘ISC is large compared to 𝑘nr,F.
To check this considerations, the rates for the triplet decay are also plotted for each
degree of bromination and are shown in Figure 6.5b. Indeed, their radiative rate
is roughly a factor of 10 smaller than the non-radiative rate. Even though both
rates increase through the enhanced SOC, they do not evolve equally. Just as the
measured phosphorescence plqy 𝜑P decreases with higher bromination, 𝑘nr,P increases
by a factor of 7.7, but 𝑘r,P only by a factor of 2.3. It is notable that both increases
are negligible compared to that of 𝑘ISC. This underlines the fact that transitions in
molecules are complex processes that rely on the interplay of various factors, like the
energetic distance between states.
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Figure 6.5: The fit parameters for the Br𝑥TPB-series in dependency of the degree of bromination
(number of bromine atoms). a) The experimental limits for the ISC rate are highlighted
as the grey area. The fitted rates are close to its maximum for each brominated TPB.
b) The triplet states’ decay rates show a similar course, whereas c) the singlet states’
decay rates follow an opposite trend. d) Also the STA- and TTA-rate coefficient show
an opposite pattern.
The experimentally determined decrease in both the fluorescent PLQY and the sin-
glets lifetime could qualitatively be explained solely by the increasing 𝑘ISC. As written
before, this explanation can be found in many published reports, where the rates are
neither measured nor fitted, but calculated doing different assumptions (Cowan &
Drisko, 1976; Solovyov & Borisevich, 2005; Einzinger et al., 2017). Still, there are re-
ports where the radiative rate of the singlet states changes upon halogenation (Xiang
et al., 2017), even though the change is lower than that of 𝑘ISC. Also the fit here re-
veals that 𝑘r,F and 𝑘nr,F are not unchanged by the bromination (cf. Figure 6.5c). This
may be a bit surprising, as the singlet relaxation to the ground-state is independent
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of an increased SOC. Interestingly, 𝑘r,F decreases nearly by the same factor (1.8), as
𝑘nr,F increases (2.1), which could hint at a common competitive process that has not
been taken into account. Of course, the addition of bromine alters the vibrational
behaviour of the molecule and also slightly the electronic configuration. Even though
both influences are not drastic, it could be sufficient to explain a modification of the
singlet-decay rates. Another reason would be an increasing SSA, which has been ne-
glected so far. As SSA only affects the singlet manifold, an increase could only result
from a higher singlet density in the samples. However, as the excitation was driven
way below a saturation intensity and the strengthened ISC depopulates the singlet
states effectively, this seems rather unlikely and is also backed up by the solution of
the rate equations. Another reason could be an underestimated STA. Yet, this would
also affect the triplet decay, which would have to be compensated by its inherent
rates (𝑘r,P, 𝑘nr,P). This, however, influences the complete set of fit parameters and
thus cannot simply be adjusted. In total, a more profound explanation of the change
in the singlet rates, would require further investigations into that direction.
The last sub-figure (d) of Figure 6.5 treats the intermolecular annihilation processes
STA and TTA. As both the fluorescence and phosphorescence lifetime decreases,
also the state concentration both of singlets and triplets decreases. This reduces
the probability of interaction of the two states, and consequently makes the STA
rate coefficient drop. This could also be expected for TTA, but it has already been
found that for Förster mediated TTA at low triplet concentrations, the rate coefficient
scales like 𝜅TTA ∼ 1𝜏P . Accordingly, the fitted rate increases with higher a degree of
bromination (van Eersel et al., 2015).
6.7 Discussion
In this chapter it has been discussed that a quantitative fit of the transient intensity
measurement of an RTP or biluminescent molecule reveals a lot of information that
is not directly accessible otherwise. The basic principle and also the workflow can
of course be transferred to other organic materials if measured at low temperatures,
which increases the potential of this technique. The main focus lies on the different
rates of the materials, but solving the rate equations also allows to analyse the time-
dependent development of the exciton concentration in the sample. For TPB in
the steady-state for example, a triplet density of 4 · 1017 cm−3 is calculated, which is
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in good agreement with the estimation obtained from absorption measurements in
subsection 4.4.3. This refers to only 1.6 % of the total available states, which justifies
the assumption of a solely Förster mediated TTA.
Nonetheless, the rate equations are a system with many free, but partially corre-
lated parameters. Consequently, the fit routine depends on good starting values and,
importantly, different fits of seemingly comparable quality can be found for each
molecule. The identification of the correct one, becomes only apparent in comparison
with the full set of Br𝑥TPB, because further boundary conditions exist here, which
restrict the selection of the fit parameters additionally: For example an increasing
ISC together with a decreasing phosphorescent lifetime was expected.
Summarizing, one can say that if a reliable rate equation fit is possible for a set of
molecules, it is a very powerful and promising technique. However, it is not suited
for single samples, unless many parameters are well known within a very limited
numerical range.
Future work could go into several directions. Either one applies this method to further
molecular series, looking into the open questions like the influence of heavy atoms
on the decay rates of the singlet states. Or one tries to enhance the fit stability,
which could be done by trying to determine more parameters experimentally. My
co-worker Max Gmelch already developed a method to estimate the STA rate, which
is based on a pump-probe experiment using the TCSPC: the singlet lifetime changes
if the sample has been pumped previously or not, which is attributed to the pre- or
absence of triplets. From this change, the STA rate can be estimated. This method
was also applied to the molecular series here but was superimposed by the influence
of degradation during the pump process. Therefore, the STA rate coefficient could
only be estimated to be in the range of 10−10 cm3s−1, which is in accordance with the
fit results, but does not bring further accuracy. Also, a drop in the STA rate with
increasing bromination was hinted by those measurements. Still, the measurement
uncertainty was too large to restrict the fit parameters notably. Overcoming this
experimental challenge, though, could be a valuable contribution for fitting transient
intensity measurements.
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This part of my thesis covered various topics of organic molecules showing bilumi-
nescence or RTP. The first chapter was about measuring and evaluating the PLQY
of photoluminescent samples. After a theoretical introduction to the topic, experi-
mental influences were discussed that need to be taken into account to obtain reliable
values. Important points during the data evaluation have also been stressed, like
the influence of a background signal and statistical data treatment. Closing, the
application of PLQY measurements was shown, where the focus lay on handling bilu-
minescent emission and the according PLQY. Even though determining the PLQY of
luminescent molecules is a well-known technique, I could add new contributions here.
Especially, the development of the statistical data analysis using cross-combinations
of several measurements is of interest, as it is not linked exclusively to organic RTP
molecules and thus is of importance for the large community studying light-emitting
materials in general.
The second chapter focused on the appearance of RTP itself. It was tried to name the
origin and the key compound in the chemical structure of molecules that lead to effi-
cient RTP. As this is less understood but frequently observed in metal-free molecules,
such was chosen here as well. The structure of the archetypal biluminescent molecule
TPB was fragmented, leading to the molecular series of TPA, biphenyl, benzidine,
DPB, TPB, and 4P-TPB. Both PL characterization and quantum-chemical DFT cal-
culations led to the conclusion that the biphenyl core needs to be the key ingredient
to enabling efficient SOC and consequently RTP. Its moderately twisted structure
is the basis for an increased ISC, whereas the amine moieties in TPB dominate the
energetic landscape. Open questions like the tendency of a decreasing singlet-triplet
splitting with increasing molecular size and its influences have the potential to trigger
future research in the field of organic luminescence.
The last chapter jointly treated two different topics. On the one hand the influence
of heavy atoms on the behaviour of a biluminescent molecule. Yet, the heavy-atom
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effect itself is a well-known and vastly investigated effect. In my thesis it was ac-
tually mainly a strategy to obtain a molecular series with expectable trends in its
intramolecular transition rates, as the second and main topic of this chapter lay on
the evaluation of a fit routine. This is based on the coupled system of differential
equations describing the time-dependent number of singlet and triplet states in an
organic molecule. Solving those equations with respect to the numerous systematic
influences, like the responsivity of the detection system, enables to quantify the in-
trinsic decay rates of the molecules of study. As many parameters as possible were
determined experimentally to give a set of starting parameter and to estimate bound-
aries for the fit routine. With this model system it was possible to fit the complete
cycle of a transient intensity measurement and to quantify the radiative and non-
radiative decay rates of the singlets and triplets, the intersystem-crossing rate, and






8 Introduction and Theoretical
Background
8.1 OLEDs in the Framework of This Thesis
So far, this thesis focused mainly on the interplay of fluorescence and phosphores-
cence in organic luminophores upon photoexcitation. Additionally, the molecules in
Part II are diluted into a solid-state polymer matrix. This justifies the complete ne-
glect of transport mechanisms and the semiconducting properties in general, which
organic molecules may have. In clear disparity to this, the charge carrier density
in electrically driven devices such as OLEDs tends to be way higher, which renders
the charge transport ability to become a limiting factor. Furthermore, 75 % of the
formed excitons are in a triplet state from the start, which sets a completely dif-
ferent starting point for the discussion of intersystem crossings. In total, one can
say, the profound knowledge from Part II helps to understand processes in OLEDs,
but still another wide field of photonics is opened with this part. Of course, there
is a large common ground, like nearly everything from Chapter 2, be it the physics
of molecular orbitals, the optical transitions sketched in Jablonski diagrams, or the
room-temperature phosphorescence present in every today’s commercial OLED dis-
play. Still, the question may arise, why this topic is discussed in the framework of this
thesis. To a certain extent, it is motivated by my biography. In previous scientific
projects (Fries, 2014, 2016) I worked on novel concepts regarding AC/DC OLEDs.
Nonetheless, interesting questions were still open and invited to be pursued further.
Hence, during the work on my PhD further research was carried out that finally led
to some publications in scientific journals. Therefore, it requires a discussion at this
point of my thesis, to fully display the research interests I was following in the last
years. Disregarding this historical fact, it is undoubted that knowledge in the field
of molecular RTP and biluminescence, and about electrically driven organic semi-
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conductors, create strong synergies and allow a larger overview over the processes in
organic molecules in general.
8.2 Introduction and Recent Advances
With the continuously growing market of mobile devices the expectations on such
tools rise. This holds especially true for the endurance of their battery and con-
sequently the usable time without the need of a connection to a power grid. Of
course, also sustainability reasons are a driving force to more efficient technologies.
Be it smartphones, smartwatches or tablets, in either application a long-lasting power
supply is essential for satisfying user experience. Here, one of the largest energy
consumers is the display. As this is the user interface, quality drawbacks are not
acceptable to save energy. The commercial success of organic light-emitting diodes as
display technology seems to make any motivation for this topic obsolete. Especially
in small displays, OLEDs can exploit many of their unique advantages: Being ac-
tive light sources, no background illumination is required, which enhances the image
contrast and reduces the energy consumption of the display. Depending on the tech-
nology, no colour filters are needed, either. Many organic molecules used in OLEDs
can either be evaporated or solution-processed, which enables the selection depending
on the producers’ needs. So far. printed displays is a route which manufacturers can
only follow on an OLED path. Being flexible, thin, and light-weight are benefits that
also add to the list of OLEDs’ advantages.
Having obviously solved the basic challenges of this compelling technology, some open
questions remain that still trigger scientific research all around the world. One of the
key issues is the devices’ efficiency: A large potential to exploit is the out-coupling
of generated light from the optical layers (Jeon et al., 2018; Will et al., 2019). Due
to the layered structure comprising various materials with different refractive indices,
photons emitted in the device can be trapped. The loss contributions are substrate
modes, waveguide modes, and surface plasmons (Furno et al., 2012). Any of those
can be addressed using Bragg scattering through a modified OLED structure, where a
scattering layer is implemented (Schwab et al., 2014). Various strategies from internal
to external scattering layers, from grating to buckling structures, are followed and it
is still to come, which one will be the most suitable one (Lupton et al., 2000; Shiang
et al., 2004; Cheng et al., 2007; Jeon et al., 2018).
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Another still open question is the generation of efficient blue light. To provide a high
colour rendering index and a large gamut, the three basic colours red, green, and blue
are necessary. Whereas efficient red and green phosphorescent organic luminophores
are known and used, blue remains challenging. Due to the high photon energy, the
LUMO levels of the molecules tend to lay close to the ionization potential, posing
a negative impact on the devices’ lifetime. Today’s blue emission is realized using
fluorescent dyes that have very low efficiency. To overcome this drawback, current
research follows mainly two disjunct pathways: One is the search for stable blue
phosphorescent molecules (Li et al., 2018b), another aims on reverse intersystem
crossing and subsequent fluorescent emission. This mechanism is called thermally
activated delayed fluorescence (TADF), but still suffers low device lifetimes (Uoyama
et al., 2012; Lee et al., 2019). A rather new branch of TADF research is the so-called
hyperfluorescence, which is basically the combination of energy transfer with a TADF
molecule (Nakanotani et al., 2014).
Closely related to the physics of OLEDs is the topic of quantum dot LEDs. Espe-
cially in terms of stack architecture, transport materials, and their optical proper-
ties a lot of knowledge has found a way into that field (Anikeeva et al., 2009; Coe
et al., 2002; Shirasaki et al., 2013). Having initially suffered quite low efficiencies,
QD-LEDs or QLEDs nowadays also reach over 20 % EQE and thus are a competitive
technology (Won et al., 2019).
A further intriguing issue regarding OLED research differs fundamentally from the
before mentioned ones. Due to the currently exclusive application of OLEDs in dis-
plays, a lot of work is aiming at the use with spectrally narrow emission in a small
pixel size (Li et al., 2015). However, thinking of lighting panels, a very different chal-
lenge was discussed quite recently. Due to the large pixel size and the high current
needed to achieve sufficient brightness, electrothermal feedback effects can become
prominent (Gärditz et al., 2007). Those can lead to a strongly decreased destruction
time of a large-size OLED pixel (Kirch et al., 2020) and need to be prevented.
8.3 Organic Semiconductors and Light-Emitting
Diodes
To understand the working principle of an OLED, some fundamental processes need
to be introduced in this section. It builds on the general chapter about organic
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Figure 8.1: Doping of organic molecules is differentiated into n- and p-type.
molecules (Chapter 2) and most of the physics explained therein. At various points,
the theory about organic luminophores as given there is not required in this depth
to understand an OLED and vice-versa some other points have to be added. Those
theoretical pieces will be completed here.
The fundamentally new property is the electrical conductivity of organic molecules.
So far, exclusively optical characteristics were discussed and the only kind of charge
carrier movement has been discussed in the course of Dexter energy transfer. However,
for any organic semiconducting device the transport of free charge carriers or excitons
is crucial.
8.3.1 Charge Carrier Transport
Looking at the archetypal organic molecule benzene again, one sees that the energetic
distance between HOMO and LUMO is around 5 eV (Turro et al., 2010; Jara-Cortés
et al., 2015). Consequently, benzene definitely needs to be assigned to the group of
isolators. However, larger organic molecules have smaller energy gaps between 1 to
4 eV, like TPB that has been measured to have 3.29 eV (see Chapter 5). Compared
to inorganic semiconductors that comprise energy gaps below 1.5 eV (Ge, Si, GaAs)
this is quite high. Therefore, the inherent conductivity of organic semiconductors is
usually increased by doping, high voltages, impurities or light exposure (Schwoerer &
Wolf, 2005; Köhler & Bässler, 2015). Especially organic doping is a highly required
technique in OLEDs and is present in many published device today. Around the turn
of the millennium, this has been presented successfully for both p- and n-type doping
(Blochwitz et al., 1998; Huang et al., 2002; Pfeiffer et al., 2003). Equal to the doping
in inorganic semiconductors this refers to the generation of free electrons or holes,
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respectively. As can bee seen in Figure 8.1, p-type doping requires a dopant with a
LUMO lower than the HOMO of the matrix molecule. Consequently, an electron can
be transferred to the dopant’s LUMO and a vacancy (hole) on the matrix’ HOMO is
available for electric current. Similarly, n-type doping requires a dopant with a very
high HOMO, such that an electron can be passed on to the LUMO of the matrix. As
this requires very high energy levels of the dopant, those molecules become reactive
and unstable (Papadimitrakopoulos et al., 1996). Hence, usually metal atoms like
caesium are used for n-type doping.
The transport of free charge carriers in organic semiconducting crystals can be ex-
plained using the band model of regular solid-state physics (Schwoerer & Wolf, 2005).
However, in almost any application relevant case, organic semiconductors form amor-
phous films, as they are deposited using thermal vapour deposition or solution pro-
cessing like spin coating. Here, no bands are formed and the transport happens
between single molecules. This process is called hopping transport and is thermally
activated, which can directly be confirmed experimentally (Brütting, 2005; Köhler
& Bässler, 2015). In a disordered solid, the energy levels of each molecule suffer a
certain energetic distortion due to polaronic interaction with the vicinity. So, more
correctly, the energy levels need to be described as a distribution (density of states)
and the exact hopping characteristics depend on its shape (Hofacker et al., 2014). In
the often applied Bässler model, it has a Gaussian shape (Schwoerer & Wolf, 2005).
A consequence of this transport mechanism is the drastically reduced charge carrier
mobility in amorphous organic semiconductors (about 10−3 cm2/Vs) compared to e.g.
doped silicon 103 cm2/Vs (Bernard & Claudine, 2003). This may not always be cru-
cial in OLEDs, but in organic transistors it is, where increasing the switching speed
of such devices is of major interest (Kleemann et al., 2020).
8.3.2 Organic Diode Structure
The first approach to realize an organic light-emitting diode structure used undoped
materials in a two-layer stack (Tang & VanSlyke, 1987), as well as other early reports
(Burrows & Forrest, 1994). Low charge carrier mobility, high driving voltages, and
low efficiencies were the consequence. Modern concepts in contrast, comprise a more
complex structure, whereas many different stack designs are present in literature.
To reduce injection barriers from the electrodes into the diode, injection layers are
sometimes applied which are few nanometre thin films of pure organic or inorganic
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Figure 8.2: a) Energy level alignments in a metal-insulator-metal junction for different driving
voltages (short cut 𝑉 = 0, open circuit 𝑉 = 𝑉bi, and forward bias 𝑉 > 𝑉bi) b) The
energy level diagram of a typical pin OLED under open circuit condition, consisting of
transport and blocking layers, and a central emission layer. For simplicity, the energy
levels of the molecules are drawn as a single line, even though they actually follow
a distribution given by the density of states (DOS). c) Exemplary 𝑗 − 𝑉 curve of a
pin OLED. In semi-logarithmic scale three different regimes are visible. Figures are
partially adapted from Köhler & Bässler (2015) and Fries (2016).
material like lithium fluoride (Kim et al., 2005; Park et al., 2011). The adjacent p- and
n-type layers can be found both doped and undoped (Reineke et al., 2009; Uoyama
et al., 2012; Miwa et al., 2017), even though it is known that doped transport
layers enable low driving voltages even for thick devices (Furno et al., 2012; Fries
et al., 2018a). The central emission layer is often surrounded by either one or two
blocking layers to reduce the drift of charge carriers away from the dye molecules
(Fröbel et al., 2015; Miwa et al., 2017).
In this thesis, we followed an architecture as shown in Figure 8.2b, which is some-
times referred to as pin structure, which stands for a sandwich structure of p-doped,
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intrinsic, and n-doped layers (Huang et al., 2002). Electrons and holes are injected
through the electrodes into the n- and p-doped transport layers (ETL: electrons trans-
port layer, HTL: hole transport layer). The material of the blocking layers needs to
be chosen such that an energy barrier is created for holes on the n side and electrons
on the p side. The matrix of the doped emission layer (EML) often provides different
mobilities for both charge carrier types. This leads to the fact that the actual emis-
sion zone is mainly located on the interface to one of the two blocking layers (Ma
et al., 2019), which is an assumption also made in optical simulations. To understand
the energy level alignment in an OLED it is convenient to look at a simplified stack,
for example a metal-insulator-metal structure (see Figure 8.2a). In an open circuit,
that means no connection between the electrodes, an internal potential is existent
due to the different work functions of the two metal electrodes (𝜑A/C). This potential
is often referred to as built-in voltage 𝑉bi. In a closed circuit but at a voltage 𝑉 = 0,
hence a shortcut, the Fermi level of the metal electrodes equilibrate and 𝑉bi drops
over the insulator layer, leading to a tilt of HOMO and LUMO. A similar situation
appears under forward bias, which refers to an applied voltage 𝑉 > 𝑉bi, just that the
energy levels tilt in the opposite direction. The situation in pin OLEDs is analogue,
just that the tilting of the energy levels is mainly restricted on the intrinsic region,
as the transport layers are highly conductive.
The diode properties of OLEDs become clear when looking at their electrical perfor-
mance. In Figure 8.2c a typical graph for the current density (𝑗) in dependence on
the applied voltage (𝑉 ) is shown. In a semi-logarithmic representation three regimes
can be identified: For low voltages (regime I) only leakage currents are measured that
show ohmic behaviour. The regime II is an exponential growth (linear curve in log-
arithmic scale). This is because the recombination rate in this regime is the limiting
factor, which is dominated by diffusion currents (Wetzelaer & Blom, 2014). Mathe-
matically this behaviour is described by the Shockley equation (Ling & Chen, 2010).
In regime III, i.e. voltages 𝑉 > 𝑉bi, the current becomes drift dominated and is
limited through the conductance of the transport layers, which follows a quadratic
behaviour on the voltage as given by Child’s law (Köhler & Bässler, 2015).
An effect that will not be discussed in deeper detail here, but is part of a large field
of research, is the behaviour of the energy levels at organic-metal interfaces. Due to
the different charge carrier mobility and availability, a charge transfer can happen
leading to depletion zones in the organic layer close to the interface. This results in
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Table 8.1: The radiometric and photometric units, alongside their definition and unit. 𝑄, 𝛺, and
𝐴 are the radiant energy, the solid angle, and a surface, respectively.
Quantity (Radio., Photo.) Definition Unit (Radio., Photo.)
Radiant Flux, Luminous Flux 𝛷 = d𝑄
d𝑡
W, lm
Radiant Intensity, Luminous Intensity 𝐼 = d𝛷
d𝛺
W/sr, lm/sr = cd
Radiance, Luminance 𝐿 = d𝐼
d𝐴Source
W/sr·m2, cd/m2
Irradiance, Illuminance 𝐸 = d𝛷
d𝐴Detector
W/m2, lm/m2 = lx
a band bending, which drastically influences the charge carrier injection into organic
semiconducting devices (Méndez et al., 2007; Siol et al., 2016; Waas et al., 2019).
8.3.3 Luminescent Measures
Radiometry is the discipline of characterising light, its properties, and applications.
However, similarly important for OLEDs is the photometry, which includes the wave-
length-dependent perception of the human eye. The standard case to correlate those
two fields is the usage of the so-called 𝑉 (𝜆) curve, which models the eyes’ sensitiv-




𝑋r(𝜆) d𝜆; 𝑋p = 𝐾m
∫︁
𝑋r(𝜆)𝑉 (𝜆) d𝜆, (8.1)
where 𝐾m = 683 lm/W is a historically determined constant (DeCusatis, 1997).
The characteristic quantities used in radio- and photometry are summarized in Ta-
ble 8.1. The angular dependence of an OLED is obviously given by the radiant flux
and the radiance. Due to the very low thickness of OLED devices, their angular
emission behaviour is often compared to that of a flat diffusive surface. The latter
follows the Lambertian law that has already been proposed as early as 1760 and
was theoretically confirmed later on (Lambert & Anding, 1892; Helmholtz, 1893). It
states that the radiant intensity scales with the cosine of the viewing angle 𝜃. As the
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One important remark here is that even though the constant radiance of a Lambertian
emitter is a well-accepted quantity to compare OLEDs with, it should not be treated
as the benchmark. Depending on the application, such emission is highly wasteful,
reduces the potential device efficiency without explicit advantages, or is just not
fulfilling the requirements of a given application. This will be of further importance
throughout the next sections.
8.3.4 The Emission Colour
The description of a colour is something quite subjective. Nonetheless, to characterize
the emitted colour of a light source an objective description is necessary. Of course,
one could just use the emission spectrum, but this does not mirror the situation of
having a human user. A widely accepted way that is also applied in European norms,
is based on a method presented by the Commission Internationale de l’Éclairage
(CIE) in 1932 and updated later on (CIE, 2006). Empirically, the sensitivity of
the human eye on different wavelengths was determined and summarized in spectral
sensitivity curves. Using those, two normalized coordinates (𝑥, 𝑦) can be assigned to
any given spectrum, whereas this transformation is not reversible. If the coordinates
of pure spectral lines are calculated, one gets the region of visible light in that two-
dimensional colour space. This results in the typical horseshoe shape as can be seen in
Figure 8.3. As orientation, the curve of black body radiation at different temperatures
is often given (DeCusatis, 1997), as it represents the perception of white colour.
Specially marked points are: First, the cold white point E, whose definition is based
on a flat spectrum, i.e. equally distributed energy. Second, the point A, which is
defined to be warm-white (DIN EN ISO 11664-2). Notably, in this representation the
same distance (
√︀
∆𝑥2 + ∆𝑦2) does not refer to the same difference in the perceived
colour. If this is of importance, a transformation has to be carried out, for example
into the L⋆u⋆v⋆ colour space (Schläpfer, 1993; Burger & Burge, 2005).
The three corners of the CIE diagram consist of the basic colours red, green, and blue.
Any perceivable colour can be obtained as a mixture of them. Still, even though two
colours of the same coordinates are not distinguishable (Lang, 1995), their behaviour
of illuminating other things is. For example, a white light source can be given as the
mixture of yellow and blue light. However, if such a lamp illuminates a green object, it
appears black. This behaviour is summed up as the colour rendering index (CRI) that
can take values between 0 and 100, where the latter refers to the perfect reproduction
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Figure 8.3: The CIE diagram, representing the visible colour range in a 2D space.
of colours. Commercial LED tubes reach CRIs of 60 to 90 (Ryckaert et al., 2012),
OLEDs of 80 to 90 (Levermore, 2012; Poloek et al., 2014), and incandescent lights of
100 as they are basically black radiators.
8.3.5 Efficiency Parameters of OLEDs
As for any other electric device, efficiency is one of the key properties to characterize
OLEDs. Several ways to specify efficiency exist, where it depends on the focus, which
one is best suited. The two efficiency measures that are important in this thesis are the
external quantum efficiency (EQE) and the luminous efficacy (sometimes also called
power efficiency). The latter is used to quantify the power consumption of an OLED
device. It is a photometric unit and is defined as the ratio between the luminous flux
and the electrical power. Highly efficient white samples show over 100 lm/W without
any out-coupling optics and can thus compete with inorganic LEDs (Wu et al., 2017).
The EQE gives the ratio of outcoupled photon per injected electron. Consequently, it
is less application-related than the luminous efficacy but allows more insight into the
physics of the device. For that reason, it is probably the most dominant efficiency
measure in scientific OLED literature. Its definition can be various and differs in its
complexity. A relatively basic form is as follows:
𝜂EQE = 𝛾 · 𝜂ST · 𝜂⋆rad · 𝜂out. (8.3)
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The first factor 𝛾 is the charge carrier balance factor, which denotes the ratio of
electrons and holes in the emission layer. In efficient, doped OLEDs, this can reach
values up to 1 (Baldo et al., 1998; Brütting et al., 2013). The exciton spin factor
𝜂ST takes care of the spin statistics. As the spins of the injected charge carriers are
randomly distributed, 75 % of the formed excitons end up in a triplet state and only
25 % in a singlet state. Consequently, for fluorescent dyes 𝜂ST = 0.25, whereas for
phosphorescent and TADF molecules 𝜂ST ≈ 1 (Adachi et al., 2001; Brütting, 2005).
The intrinsic quantum efficiency 𝜂⋆rad is the PLQY (here denoted as 𝜂rad), which
is modified due to the presence of the microcavity. The influence of the cavity is
described by the Purcell effect (Purcell, 1946; Fuchs, 2015). The last factor 𝜂out takes
care of the fact that at the numerous interfaces of an OLED stack, reflections and
plasmonic absorptions take place. Therefore, photons emitted in the EML may not
leave the device and are lost. As the internal quantum efficiency 𝜂int = 𝛾𝜂ST𝜂⋆rad can
be as high as 1 for phosphorescent OLEDs, a lot of scientific effort has been spent to
increase 𝜂out (see the introductory Section 8.2).










𝜆 sin 𝜃𝐼r(𝜆, 𝜃), (8.4)
where the prefactor consists of constants (elementary charge 𝑒, Planck’s constant ℎ
and the speed of light 𝑐), and the current 𝐼. 𝜃 is the viewing angle (polar angle in
spherical coordinates), 𝜆 the wavelength, and 𝐼e(𝜃, 𝜆) the spectral radiant intensity
– the measured quantity. This representation gives an explicit dependence on the
viewing angle and will be of further importance in Chapter 10.
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As the grid electricity normally provides alternating current, the supply of e.g. OLED
lighting panels would require power converter and rectifiers. To directly use the grid
signal, several approaches for AC-driven OLEDs have been presented in the last years
(Wang et al., 2019). Therein, the emission layer is surrounded by charge generation
layers and is embedded into organic dielectric material. Applying an AC signal leads
to the extraction of electrons and holes from the charge generation layers that form
excitons in the emission layer, just as in standard DC OLEDs (Pan et al., 2017; Wang
et al., 2019). Asymmetric stacks have also been presented, were one combination of
charge generation layer and dielectric is skipped and the respective charge injection
happens directly from the electrode.
In 2015 Fröbel et al. introduced the concept of AC/DC OLEDs. Those are double
stacked devices made up of two subunits, a diode each. Electrically, they are con-
nected antiparallel, which makes the applied bias decisive for which unit is in forward
and which is in reversed polarity (cf. Figure 9.1). Only the one in forward bias emits
light. Applying an alternating current (AC), both units emit light alternately. This
also explains the name AC/DC: both diodes are devices only working under direct
current (DC) conditions, but the total stack is driven under AC. The share of each
subunit on the total emission can be adjusted using either intensity or pulse width
modulation (PWM). As OLEDs show a non-linear dependency of the luminance on
the current, with PWM a more reliable and finer tuning can be achieved. Addition-
ally, it is only limited by the maximum frequency of the digital driver, which makes
it a very fast and precise technique. In the original publication, several blue-yellow
two-colour AC/DC OLEDs were presented to achieve white emission as mixed colour.
This work triggered several scientific questions that were investigated and whose re-
sults will be presented in the following sections: First, is it possible to apply this
concept to transparent devices at meaningful efficiencies? This is interesting with
respect to possible lighting applications of OLEDs. Second, are three-colour units
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Figure 9.1: A very simplified AC/DC OLED stack. Grey and orange areas refer to metal and
organic layers, respectively. The top and bottom contact are short, which leads to a
antiparallel connection of the two diodes. This is explicitly sketched in the simplified
equivalent circuit diagram on the right hand side.
feasible to increase the colour-rendering index (CRI) of such devices? Two strategies
were followed here: mixing two colours in one subunit, and producing three-subunit
devices. Third, besides colour-tuning, are there other possible application that re-
quire fast and continuous switching between two emission modes? This led to the
development of beam-shaping OLEDs.
One step taken to enhance the CRI and to expand the potential application of the
AC/DC concept, was the addition of a third individual subunit (Fröbel et al., 2018).
To this improvement I could contribute with my experience of optical simulations I
gained from the work on transparent devices, as will be discussed in the next sec-
tion. Having not only two but three individual diodes also increases the number of
electrodes within the total stack from three to four. Of course, this raises the com-
plications with optical cross-influences between the subunits. Still, a device could be
presented successfully that enables continuous tuning of the emission colour wider
than the sRGB gamut, within one pixel. A strongly increased pixel density in dis-
plays is possible that way. The electrical connection within a complete display device,
however, may be challenging. To precautionary address this point, the devices were
designed in top geometry, which possibly allows a direct procession of the light source
on the back-plane electronics (Ventsch et al., 2010).
9.1 Transparent and colour-tunable OLEDs
Being of low thickness and having the main absorption in the UV regime, the or-
ganic layers in an OLED are basically transparent. However, normally a metal elec-
trode of ∼100 nm prevents transparency of the final device (Lee et al., 2004; Smith
et al., 2004; Reineke et al., 2009; Hofmann et al., 2011). Thinking of possible appli-
cations, though, a transparent light source is highly attractive: glasses for augmented
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Figure 9.2: The transparency of both types of samples. Due to the lower reflectivity of the metal
electrode compared to ITO, the total transmission is slightly lower with more pro-
nounced peaks.
reality (Maimone & Fuchs, 2013; Smithwick et al., 2014), displays on a glass, for
example for navigation in cars (Heise.de, 2017), or coated windows for the purpose
of room illumination (Kim et al., 2018). Consequently, the promising concept of the
AC/DC OLEDs was transferred to a fully transparent stack.
The first challenge to meet here is the opaque metal electrode, which in bottom-
emitting OLEDs is the top one. The standard material for the bottom electrode is
indium tin oxide (ITO), whose coating requires a sputtering process. Therefore, it
is ruled out for the usage as top contact, as it harms the organic layers. Thin metal
layers are only reasonably transparent below a thickness of ∼20 nm, which strongly
reduces their conductivity (Fahland et al., 2001). If the deposited material is below
a critical limit, no closed layer is achieved, resulting in both low transparency and
bad conductance. The reason lies in an island-like growth of silver on any material
with low surface energy (Volmer-Weber growth). A solution to this dilemma are so-
called seed layer electrodes (Schubert et al., 2013). First depositing a small amount
of a high surface energy material like gold serves as growth seeds for the subsequent
silver. With this technique, conductive metal layers with a thickness down to 4 nm
are possible (Lenk et al., 2015). Such electrodes serve in AC/DC OLEDs as the
middle electrode between the two subunits. For having transparent devices, also the
top electrode is produced using a seed layer. The total transparency of the resulting
devices peaks at 62 % and drops at the edges of the visible spectrum (Fries, 2014).
Besides the high conductivity and transparency, ITO suffers the disadvantages of
being porous, difficult to coat, and a very limited resource. Hence, another set of
samples was investigated where also the ITO bottom electrode is replaced by a metal
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Figure 9.3: The colour tuning in a CIE colour plot. Each point has been measured, whereas the
lines are guides to the eye and connect the outer points. The samples free of ITO show
a very balanced tuning behaviour between bottom (BE) and top emission (TE).
seed layer. This reduces the transparency, but it still is in an acceptable range,
peaking at 56 % (cf. Figure 9.2 and Fries et al. (2017)). This value is similar to the
ones of monochrome transparent devices (Lee et al., 2011).
The next point that should be kept in mind for transparent OLEDs is a balanced
emission to both sides of the sample. In the use case of white light emission as is
addressed here, especially the emitted colour should be comparable. It was found
that the samples comprising an ITO bottom electrode perform less balanced here.
In Figure 9.3 lines show the achievable colours with the respective samples in a CIE
diagram. Each line is spanned between the colour coordinates of the pure emitter
in DC mode, which are Ir(dhfpy)2(acac) (yellow) and 4P-NPB (blue). Each point
on those lines can be reached with adequate PWM driving signals. The aim is that
the curves for bottom and top emission superimpose, which is nicely fulfilled for
the ITO-free samples. However, to reach the same colour coordinate in bottom and
top emission, e.g. the warm-white colour point A, slightly different on-off ratios
of the two subunits are necessary (Fries et al., 2017). Hence, applying one fixed
PWM signal still results in slightly different emission colours to both sides. Still, the
question remains, why the ITO-free samples perform better here. As the emission
to both sides happens at the same time, it cannot be due to any process of light
generation, like different Purcell factors. Consequently, it can only be due to the
different transparency or rather reflectivity of the three electrodes. This is easily
verified for the yellow emission: being located in the lower unit, it has to transmit
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two metal layers in top direction, but only ITO for bottom emission. Comparing the
transmission curves of the full samples and of ITO only (Schubert et al., 2013), it is
visible that the metal layers have a lower transmission in the red regime, which leads
to the blue shift in top direction. For the blue emission, the behaviour is not that
straight-forward, but still needs to be originated in the asymmetry of the stack. The
replacement of ITO by a metal electrode led to a more balanced behaviour, which
is in agreement with simulations carried out at a later stage for the beam-shaping
devices: Here it was shown, that each subunit is influenced by all of the electrodes,
not only the framing ones (Fries, 2016).
In words of efficiency, the transparent AC/DC OLEDs achieved a total power ef-
ficiency of 18.4 lm/W (Fries et al., 2017). This is only about half of what the
non-transparent AC/DC OLEDs showed with the same emitter combination (Fröbel
et al., 2015), but is only slightly lower than white, non-colour-tunable, transparent
OLEDs without a middle electrode (Joo et al., 2015). Thin electrodes may perform
well in terms of conductivity and transparency, but a highly reflective electrode en-
hances the microcavity effect, especially the Purcell factor, which is why transparent
OLEDs will always struggle to reach efficiencies as high as their non-transparent
counterparts. Still, reasonable performance for transparent colour-tunable AC/DC
OLEDs has been proven. Getting even more balanced bottom-to-top emission seems
a question of optimization, but not a fundamental issue any more. To overcome the
low CRI of ∼ 40%, the yellow Ir(dhfpy)2(acac) emitter has been replaced by a com-
bined layer of the red emitter Ir(MDQ)2(acac) and the green emitter Ir(ppy)3. At
this stage of experiment, this is a relatively easy step to take, as the previous devices
were already optimized for blue and yellow emission. Now, the mixture of red and
green enhances the CRI but still can be applied to a unit whose optics are optimized
for yellow light emission. Obviously, in that architecture, the colour tuning is still
limited to a linear tuning between yellow and blue.
9.2 Real-Time Beam Shaping OLEDs
As written above, the AC/DC layout of OLED stacks proved useful for colour tun-
ing in various forms of realization. Still, the possibility of addressing two individual
diodes within one stack is of relevance for any application where pixel density, ge-
ometry constraints and the need for a continuous tuning meet. Restricting ourselves
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to display applications this time, we spotted a use case that nowadays has to be
solved mechanically with enormous light losses: Working with an electronic device
like a laptop in public places like trains often leads to a problem with data integrity.
So-called privacy screens are display top foils that block any light emitted to high
viewing angles, restraining content-readability to the user right in front of the display.
Commercial products provide maximum transparency of around 60 % with a viewing
angle < ±30∘ (Conrad.de, 2020). The low transmission alongside the mechanical
mount and unmount procedure are notable disadvantages of this widely used tech-
nique. Here, AC/DC OLEDs come into play. If the two subunits within the stack
were tuned to emit light only to either low or wide angles, an electrically switchable
and continuously adjustable privacy mode would be possible. Consequently, the fol-
lowing section will treat the challenges that come up with locally confined emission
in general, and within an AC/DC stack in particular. Analogue to methods known in
laser physics (Dickey, 2014), those devices are referred to as beam-shaping OLEDs.
The optical influences of a cavity on the light coupled out of an OLED attracts atten-
tion for nearly as long as OLEDs do themselves (Becker et al., 1997; Neyts, 1998; Tok-
ito et al., 1999; Brütting et al., 2013). Even preferentially side emission of a device
has already been presented (Mladenovski et al., 2009), but merely to support simula-
tion than for real application. Consequently, no attention was drawn to efficiency or
colour stability. Beam shaping reports on OLEDs either use external optics like micro-
lense arrays (Melpignano et al., 2006) or other diffractive optical elements (Zhang
et al., 2014), or they require bulky constructions (Lee et al., 2014). All those ap-
proaches are in strong contrast with the flat geometry and the flexible tuning of the
beam’s shape that allows our design concept.
The first step in their realization is the understanding of locally confined emission
of OLEDs in general. An inherent restriction is the symmetry of the OLED stack
in in-plane orientation. Consequently, either any emission follows a radial symmetry
around the azimuthal angle or symmetry-breaking external optics are necessary. The
more elegant and also more basic way is to not rely on external optical elements.
Therefore, in a first step, the inherent angular dependence of an OLED emission is
analysed and exploited. Only afterwards this knowledge is combined with additional
beam shaping elements like lenses or prisms.
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The general mathematical expression for the measured spectral radiant intensity of










Therein, the first term is the photons’ energy, the second the number of injected
electrons, and 𝛾 the charge carrier balance factor. The electroluminescence spectrum
𝑠EL usually is identified with the photoluminescence spectrum (Chen et al., 2007).
The electro-optical analogue to the PLQY is the radiative efficiency 𝜂rad. Due to the
embedding within a microcavity, this gets modified (Purcell effect) and is referred
to as 𝜂⋆rad (Neyts, 1998; Furno et al., 2012). All those contributions do not carry
any angular dependency. Only the last term in Equation 9.1 does: 𝑃out(𝜆, 𝜃) is the
outcoupled power as a function of the wavelength 𝜆 and the polar angle 𝜃, which
gets divided by the Purcell-Factor 𝐹 - again carrying the influence of the microcavity
(Purcell, 1946). Therefore, the last fraction gives the emission probability of a photon
of a certain wavelength into a specific direction within the given cavity. It is the key
factor for understanding angular confined emission. Still, it directly depends on the
microcavity structure as does 𝜂⋆rad. Therefore, it is a convenient step to summarize
those contributions to one term called cavity mode 𝜉 (Fries et al., 2018a):




In summary, Equation 9.1 can be simplified to:
𝐼(𝜆, 𝜃) = 𝒞 · 𝑠EL(𝜆) · 𝜉(𝜆, 𝜃), (9.3)
where 𝒞 summarizes all the constants. This shortened expression has the big ad-
vantage that the constitution of the shape of the SRI is immediately clear: It is the
emission spectrum of the material multiplied with the influence of the cavity mode.
The latter is mainly determined by the reflectivity of the electrodes, the optical path
length, and the location of the emission layer within the cavity.
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Figure 9.4: The cavity modes 𝜉 for two different devices. On the left-hand side, a single top OLED
is shown that is optimized for light emission at 608 nm (Ir(MDQ)2(acac)). On the right-
hand side, the two subunits of a comparable, but double-stacked OLED are shown.
The black curves denote equipotential levels, main curvature features are marked with
dashed lines and explained in the text.
9.2.1 The Influence of the Cavity Mode
The influence of the cavity mode is evaluated in every detail in a previous work of
mine (Fries, 2016) and has been deepened later on for red (Fries et al., 2018a) and
green emitters (Fries et al., 2018b). Here, a summary of the most important and
incisive results is given. Obviously, the cavity mode is a measure that is accessible in
simulations only. The tool used here was developed in previous dissertations carried
out at our institute (Furno et al., 2012; Fuchs, 2015). They were designed for pre-
dicting the spectral shape of OLED emissions, their efficiency, and the angular colour
stability. Nonetheless, they allowed access to the calculated cavity mode and thus
laid the basis for the work on beam shaping devices. In Figure 9.4 a study of the
cavity mode in dependence on the device stack is shown. The materials for each diode
are equal to reduce differences to purely optical influences of the cavity. The devices
are top-emitting, second-order OLEDs, which means that the stack is rather thick
(∼ 3/4 𝜆) and the emission layer is placed in the second efficiency maximum (Will
et al., 2019). The bottom electrode is thick and opaque (40 nm of both silver and alu-
minium), whereas on the top and in the middle a thin wetting layer electrode is placed
(2/8 nm Au/Ag). A common ground of all cavity modes is that the main curvature
follows a cosine law. This is due to the cavity and can be explained by comparison
with a Fabry-Perot resonator (Becker et al., 1997; Svelto, 2010). This behaviour is
very prominent in feature 1○ of the single OLED, which marks the wavelength of
maximum intensity for each angle. At high angles a mode splitting between s- and
p-polarized light appears (feature 2○), as is always seen in top OLEDs comprising
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a transparent top electrode in combination with an organic capping layer (Becker
et al., 1997; Thomschke, 2012). For comparison, those two features 1○ and 2○ of the
single OLED are also drawn in the two subunits of the stacked device. The lower unit
resembles the single device to a large extend. Especially the characteristic 1○ still
nearly follows the maximum of the cavity mode. Additionally, two new contributions
are just visible for higher angles. Those two, 3○ and 4○, represent the influence of the
upper unit’s cavity, as becomes clear when looking at its mode. Here, the similarity to
the lower unit and especially the single OLED is drastically reduced. Most prominent
is the appearance of two branches, one starting slightly blue-shifted around 600 nm,
the other at 710 nm. Those simulations teach the important lecture that in stacked
devices, the diode close to the thick electrode is mainly influenced by it, whereas the
one farther away is more independent. But still, an influence of the complete stack
is visible.
9.2.2 Angularly Confined Emission
As Equation 9.2 reads, the SRI is basically the product of the EL-spectrum of the
emitter and the cavity mode 𝜉. Having understood the formation of the latter, it
is a simple task to predict the finally outcoupled spectrum. Therefore, the cavity
mode has to be adjusted to achieve angularly confined emission of an AC/DC OLED.
Predominant forward emission needs a cavity mode that has its maximum at the
emission wavelength of the emitter and 0∘, and a strong bending as a function of the
viewing angle (like 1○ in Figure 9.4). Then the product with 𝑠EL gives maximum
contribution at low angles, dropping quickly. The contrary situation is required for
mainly sidewards emission: The cavity mode needs to start at longer wavelengths
(> 750 nm), such that only around the required angular-spectral region a non-zero
contribution is obtained. Due to the bending of the cavity mode, the side emission
tends to be red-shifted compared to forward emission, which leads to distinct colour
perception depending on the viewing angle. This can be partially compensated by
the choice of two different emitters, whose emission spectra are slightly shifted to
each other (Fries et al., 2018a). This is sketched in Figure 9.5.
The main evaluation parameters were chosen to be the efficiency in words of EQE, and
the contrast in side emission. The latter means the difference between the maximum
intensity at high viewing angles and the 0∘ brightness and should be as large as
possible.
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Figure 9.5: This is Equation 9.2 in figures: The upper row is the simulated cavity mode of two
subunits of a beam shaping OLED (left: forward emission, right: side emission). In
between the two PL spectra of the used emitter molecules are shown (Ir(piq)3 and
Ir(MDQ)2(acac)). The multiplication of those gives the lower row: the resulting ex-
perimental SRIs, whose maxima show a colour shift of 48 nm.
9.2.3 Results and Discussion
Beam shaping OLEDs with continuously tunable emission profile have been presented
for red and green emission. This is noteworthy because the required cavity length
scales with decreasing emission wavelength. Now the whole concept is quite sensitive
to width deviations between simulation and experiment. If the designed device gets
smaller, but the experimental accuracy is not changed (as it is still the same pro-
duction setup), relative errors increase. Hence, blue beam shaping devices have been
simulated but could not be realized with reasonable effort.
For the same reason, the experiments started with red devices. In general, the cavity
mode is narrower and more bent for top than for bottom OLEDs. Additionally, this
architecture provides many free parameters that can be adjusted to achieve the desired
emission characteristics. Those are the cavity length, the position of the emission zone
within the cavity, and the thickness of two transparent electrodes and the organic
capping layer. Nonetheless, it turned out that in first-order devices (thickness per
diode about 𝜆/4) the overlap between cavity mode and PL spectrum needs to be very
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Figure 9.6: Experimental details to the bottom red beam shaping OLEDs. a) The side emission
profile on a diffusive screen. Maximum intensity can be seen around 40∘. b) The EQE
as a function of the current density. c) The stack architecture with film thickness and
doping concentration.
small to enable directional emission. This lead to very low EQEs of (5.0 % forw.,
1.4 % sidew.) but a rather good contrast of 33 %in side emission (Fries, 2016). In
second-order devices (thickness per diode > 𝜆/2), the cavity mode is narrower which
allows a better alignment with the PL spectrum. Consequently, the efficiency was
raised to 10.5 % and 5.6 % (forw. and sidew.), but the contrast dropped to 13 %
only. Therefore, the next step was to realize bottom-emitting beam shaping OLEDs.
In simulations, it turned out that the cavity mode is in general broader there, as the
ITO comprises very high transparency. Nonetheless, thick samples in second order
comprise a strong mode bending which turned out to be a good compromise. The
EQE resulted reasonably (6.6 % forw., 8.2 % sidew.) and the contrast as well with
25 %. In Figure 9.6 the results for the last stack design are summarized, whereas the
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Figure 9.7: Comparison of the side emitting unit for two different stack designs of green beam
shaping OLEDs. Left-hand side: Top OLED with Ir(ppy)3 as emitter. Right hand
side: Bottom OLED with a narrow band emitter as presented by Li et al. (2015).
calculated cavity mode and the accordingly measured SRI have already been shown
in Figure 9.5.
As already mentioned, realizing green beam shaping OLEDs doesn’t bring new physics,
but rather experimental difficulty. Also in terms of the design of the stack, the spectral
width of the emission spectrum of the emitter becomes a more prominent difficulty.
Hence, in the experimentally realized top devices, a strong colour shift from red in
the centre to green only at the edges, is visible in the side emission (cf. Figure 9.7 and
Fries (2016)). The spectrum of the used emitter (Ir(ppy)3) is also shown. As in the
case of the red devices, bottom OLEDs would probably perform better but also bring
a broader cavity mode, which additionally enlarges the colour drift. However, in sim-
ulations, it could have been shown later on (Fries et al., 2018b) that even for bottom
devices both good colour stability and high contrast are achievable with narrow-band
organic emitters, as presented by Li et al. (2015). The according PL spectrum, as well
as the resulting emission pattern of the respective side emitting unit, is displayed in
Figure 9.7. A slight shady colour still remains at the central point but is minimized
drastically.
One of the biggest advantages of beam shaping within an AC/DC architecture is
the independence of external optics or even moving parts. In a purely electronic
manner, the main emission direction of a flat, thin device can be tuned from per-
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Figure 9.8: Even though they do not rely on external optics, beam-shaping OLEDs can be com-
bined with additional optical elements to modify the output. Advantageously, the
forward-emission is hardly affected, but the side-emission is. The usage of a prism
brakes the circular symmetry of an OLED’s emission.
pendicular emission up to ±40∘. Nonetheless, the knowledge about beam shap-
ing optical elements exists from both organic and inorganic LEDs (Melpignano
et al., 2006; Fournier, 2011; Lozano et al., 2016) and can be combined with the
technique as discussed here. Exemplarily, a half sphere and a prism were tested. For
the half sphere, a more confined emission can be observed in forward direction. The
contrast in side emission is boosted to 82 % (Fries et al., 2018a). The motivation for
the prism was to test the combination of the inherently radial symmetric emission of
an OLED with an optic following an axial symmetry. Indeed, the ring-shaped side
emission pattern gets strongly deformed to a more rectangular shape. In forward
emission, the effect is not so drastic, but can also be observed.
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The considerations about active beam shaping in OLEDs raise the question if a more
elaborate beam profile was also useful for devices without AC/DC driving. Especially,
a confined forward emission may be a possibility to save power without pruning the
performance of the light source. In most display applications, the user is looking more
or less perpendicular at the display. Taking a smartphone, for example, the device
may be in a distance of 30 cm from the eyes and has a size of 15 cm. This means that
each pixel needs to emit light in an angular cone of 15∘. Similar numbers can be found
for smartwatches, e-books or public displays as can be found in coaches, airplanes,
or trains (see Table 10.1). Still, a lot of light is emitted towards higher viewing
angles, which is essentially wasted energy. Having in mind that especially OLEDs
nowadays are nearly exclusively used in small displays, it is even more surprising why
they still are frequently compared to Lambertian emitters (Huang et al., 2019; Park
et al., 2019). Lambertian emission means a constant luminance, independent of the
viewing angle. Of course, for being area light sources, the Lambertian emission is a
good model to compare to. Still, it should not be the benchmark. In contrast, if the
pixels of a display are optimized for perpendicular emission, power can be saved and
thus the battery life time increased.
Table 10.1: Examples for the relevant emission cone of displays in various applications. The term
“public displays” refers to small size displays as can be found in planes or coaches.
Device Distance to User Size of Display Relevant Cone
[cm] [cm] [∘]
Smartphone 30 15 15
E-Book 40 25 17
Public Displays 80 30 11
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Therefore, an angular resolved evaluation of the efficiency measures of OLEDs seems
advisable. Only the knowledge of the angular dependency of those values allows
optimization of light sources for forward-direction emission. This has also advantages
over the sole measurement of the 0∘ emission. Because in that way there is no chance
of knowing if there is potential for improvement via stack optimization.
With particular attention to this question, a set of samples is investigated in this
section. It consists of a reference, an OLED trimmed to forward emission and the
red beam-shaping device from the previous section. As reference, an OLED is used
that is optimized to have maximum EQE. It shows a nearly Lambertian emission
and reaches 19.6 % EQE at a brightness of 176 cd/m2. The stack follows a p-i-n-
structure with silver as top electrode and indium-tin-oxide as transparent bottom
electrode. The emissive molecule is Ir(MDQ)2(acac) which shows a peak wavelength
of 608 nm. Further details can be found in the methods Section 3.1, whereas the
experimental data was provided by Paul-Anton Will. Achieving angular confined
emission in OLEDs is a well-studied topic (Mladenovski et al., 2009; Lee et al., 2014).
Normally this comes along with a variation of the microcavity – meaning the distance
and reflectivity of the electrodes. Additionally, it was shown that thin-film structures
can produce an antenna-like behaviour (Checcucci et al., 2017). In comparison to
Yagi-Uda antenna, their procession is way more simple and is also less sensitive to
variations in the process parameters. To achieve a confined forward-emitting area
light source we transferred the antenna-like stack design to an OLED, which was
done in a collaboration with the group of Prof. Mario Agio from the Universität
Siegen. This leads to a structure, where the organic layers are sandwiched between two
reflecting electrodes, comparable to conventional top-emitting OLEDs, but resulting
in both a very narrow emission cone and spectral width. With this stack design,
we processed devices with a very narrow emission spectrum with a full width at
half maximum (FWHM) of down to 10 nm, which is nearly half of what literature
states for specially narrow organic emitters (Li et al., 2015). The sample of interest
here provides a FWHM in 0∘ direction of 15.3 nm, an EQE of 18.9 %, and a peak
wavelength of 608 nm.
The stack structure of the devices is as follows, long names of the molecules and
doping ratios can be found in Section 3.1:
“Reference”: 90 nm ITO on glass // 54 nm BF-DPB : F6-TCNNQ // 10 nm NPB //
20 nm NPB : Ir(MDQ)2(acac) // BAlq2 10 nm // 71 nm BPhen : Cs // 100 nm Ag.
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Integrated EQE = 18.93%
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(b)
Figure 10.1: The angular resolved EQE in 1∘ slices for a reference sample. The integration gives
the complete measured EQE. Via normalization with the surface element in spherical
coordinates the representation on the right hand side is achieved.
“Antenna”: 90 nm ITO on glass // 33 nm Ag // 39 nm Spiro-TTB : F6-TCNNQ //
10 nm NPB // 5 nm NPB : Ir(MDQ)2(acac) // BAlq2 10 nm // 60 nm BPhen : Cs
// 100 nm Ag.
“Beam-Shaping OLED”: see Figure 9.6 c).
Under the assumption of radially symmetrical irradiation, the EQE is generally de-









𝜆 sin 𝜃𝐼r(𝜆, 𝜃) (10.1)
After the evaluation of the wavelength integral, 𝜂 remains a function of the viewing
angle. Hence, angular dependent information can be gained, when the 𝜃-integral is
evaluated in slices. In Figure 10.1a this is shown for the reference sample and a
step width of 1∘. The integration of this curve leads to the total EQE, as it can be
measured in an integrating sphere. However, this representation is little intuitive, as
one would expect the most contribution to the efficiency at low emission angles. But
there the curve starts low and rises to its maximum only after 45∘. This is due to the
interplay between 𝐼r, which normally drops with increasing angle, and the sine of 𝜃,
which of course is 0 for 𝜃 = 0. In other words, this evaluation gives the ratio of EQE
within a surface element in spherical coordinates. However, this surface element is
not constant in size, but is angular dependent and converges to 0 towards the poles.
Hence, it is necessary to find an expression that is both physically right and represents
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the appearance of an area light source quite well, which is that most of the light is
















Note that the angular range in the nominator and denominator needs to be the same
to refer to the same surface element. The 2𝜋 in the denominator results from the
integration over the azimuthal angle 𝜑, as a radial symmetry is still assumed. Of
course, this normalization changes the absolute values of the EQE. To compensate
for this, 𝜂 needs to be rescaled such that for the whole half-space (𝜃1 = 0∘, 𝜃2 = 90∘)
follows 𝜂0∘→90∘ :=
∑︀
𝑖 𝜂𝑖 = 𝜂0, which results in:
𝜂(𝜃) = 𝜂 · 𝜂0
𝜂0∘→90∘
(10.3)














To interpret this expression in words of EQE it can be said that it gives the number
of photons emitted into the angular range [𝜃1 : 𝜃2] per electron injected into the
device. Evaluating the reference sample that way with an increment of 1∘ results in
Figure 10.1b. As now the influence of the surface element is cancelled out, the shape
of 𝜂(𝜃) is mainly determined by the wavelength integral over 𝐼r and thus shows the
expected behaviour: At small angles, the contribution to the EQE is largest.
The big advantage of this representation of the EQE becomes clear when comparing
different samples. Often, area light sources are compared to a Lambertian emission.
The reference in our set of data also shows nearly Lambertian emission. In com-
parison, Sample “Antenna” follows the antenna-like design with preferably forward
emission and reaches only 17.2 %. Still, as can be seen in Figure 10.2a, at low angles
it outcompetes the reference. Only above a viewing angle of 31∘, the reference is
more efficient. Within an application-relevant viewing cone, the difference is quite
prominent: From 0∘ to 15∘, the antenna sample shows an integrated EQE of 6.6 %
and the reference of only 4.7 %, which is a third less. This shows clearly that an
optimization for the maximum EQE doesn’t lead to the most efficient device. The
comparison with the beam-shaping device in this representation shows the challenges
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Figure 10.2: The angular resolved EQE in 1∘ slices for various samples. Integration gives the
complete EQE as given in the legend. B-S refers to the beam-shaping device. b shows
the same data normalized to the reference sample. Values over 80∘ were cropped.
any stacked device encounters. The necessity to balance two coupled subunits often
leads to a decreased efficiency compared to two single devices, where each is tuned to
its optimum. Of course, the main driving force for stacked devices is the drastically
increased pixel density in a display (Fröbel et al., 2018). Nonetheless, each drawback
needs to be considered with respect to a certain application. In terms of efficiency,
the forward-emitting unit of the beam-shaping device is lagging behind the antenna
sample. In the 15∘ cone, it reaches an EQE of only 2.2 %, which is only half of the
reference. For the side emission unit, the relevant angular regime may be from 50∘
to 70∘. Here, the beam-shaping device reaches 2.6 % EQE. This is nicely balanced to
the forward emission but still lower than the reference with 3.5 %.
Still, the question arises, why this method should be more suited for stack design in
displays than just optimizing the 0∘ emission without any knowledge of its angular
dependence. Well, to guarantee a good user experience it must be assured that within
the relevant angular range the displayed image is well visible. If only optimizing the
0∘emission it may easily be possible that the intensity of the display drops too fast
when tilting the device slightly. Equally important is the fact that no information
about how to optimize the device can be gained, when just looking at the forward
emission. With the representation as proposed here, one could even think of defining
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a fill-factor, comparable to solar cells, as a measure of how well the emission fits the
relevant viewing angle cone.
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11 Summary of Part III
This part of my thesis focused on the research on organic light-emitting diodes. First,
the theoretical topics were covered that go beyond the general introduction to or-
ganic luminophores in Chapter 2. Whereas the purely optical properties of organic
luminophores are deeper looked at in Part II, the electrical and semiconducting char-
acteristics have been presented here.
My contribution to OLED research is mainly based on the concept of driving two
stacked diodes with an AC signal. This is referred to as AC/DC OLED and was
first published in 2015. Based on that initial report, I focused on several questions
that opened up: First, for many applications, a transparent device brings many addi-
tional advantages. Or vice versa, some applications are merely possible in that way.
Therefore, transparent OLEDs are of general research interest, and I transferred the
AC/DC concept on such a device. This step required the combination of several
different findings either reported in the literature or by own experiments and simula-
tions. The main challenges to overcome here are the optical cross-talk between two
subunits, a balanced brightness and efficiency, and an equalized emission colour to the
both sides of the device. Giving up the standard, highly transparent ITO electrode
and replacing it by a thin seed layer metal electrode, reduced the transparency only
slightly but brought notable improvements to the balance of the emission.
A quite different use case where AC/DC OLEDs can potentially allow a unique im-
plementation is the concept of beam-shaping OLEDs. Those are devices where the
two subunits are optimized to have different main emission cones. One diode shines
mostly rectangular to the OLED’s surface, the other to angles around 40∘. Here
again, the cross-talk between the two subunits had to be mastered, especially as the
side emission proved to be quite sensitive. A deeper understanding of the cavity mode
and their influence on the spectral radiant intensity finally allowed beam-shaping de-
vices that clearly showed two different emission modes with reasonable efficiencies.
Such light sources enable a continuous tuning between forward and side emission in a
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purely electronic manner, aiming for applications like privacy modes of portable elec-
tronic devices. Due to the stacked architecture, they can be included into displays
without compromising the pixel density.
The last point addressed in this part has been the discussion of an angular-dependent
evaluation of the EQE. In literature one often finds the comparison of OLEDs with a
Lambertian emitter, which undoubtedly is a plausible treatment. However, especially
the work on the beam-shaping OLEDs made clear that such behaviour is hardly
needed in any application – given that OLEDs today are nearly exclusively present in
(small) displays. The key finding here was that devices that may even have a lower
total efficiency can show a higher EQE in an application-relevant angular cone. Even
though we are aware of the fact that it is surely hard to introduce new evaluation
procedures to a scientific field as mature as OLEDs, these considerations may trigger





A Low Intensity Noise of the
Spectrometer
The user software for the CAS 140CTS spectrometer allows to measure a background
spectrum which is automatically subtracted from any following measurement. This is
supposed to correct for stray light. However, measuring at very high sensitivity reveals
that a slight background signal still exists. Interestingly, the excitation wavelength
does not need to be in the detectable range. In Figure A.1 such measurement is
shown. The excitation wavelength was 900 nm. For the blue curve a shutter in the
excitation pathway was closed, that means basically no light hit the detector. In the
data a non-constant graph can be seen. Even though the excitation was above the
detectable region, the signal intensity increases drastically, which is resembled by the
lower noise in the red curve. The trend however, is preserved.
Exc. Shutter Closed (Smoothed)
Exc. Shutter Open























B Calculation of the Density
of Triplet States
This considerations refer to solid-state samples as were used for RTP experiments.




= exp−𝜖𝑁st𝑑 = 1 − 𝐴,
where 𝐼0 is the initial intensity, 𝐼(𝑑) the intensity after travelling the distance 𝑑
through the sample, 𝜖 is the extinction coefficient, 𝑁st is the number of states in the
sample, and 𝐴 the absorption.
Depending on the measurement conditions, this leads to two equations:
1 − 𝐴Air = 𝑒−𝜖𝑁st𝑑,
1 − 𝐴N2 = 𝑒−𝜖(𝑁st−𝑁T)𝑑,
where it was assumed that molecules in a triplet state are no longer available for
another excitation, which is true within the lifetime regime of the fluorescence.
⇒ ln (1 − 𝐴Air) = −𝜖𝑁st𝑑 (I)
ln (1 − 𝐴N2) = −𝜖(𝑁st −𝑁T)𝑑 (II)
The division of Equation (II) by Equation (I) gives:
ln (1 − 𝐴N2)
ln (1 − 𝐴Air)
= 1 − 𝑁T
𝑁st
.
This results in the density of triplet states:
𝑁T = 𝑁st
(︂
1 − ln (1 − 𝐴N2)




C User Manual for Grape
Gra  e is an acronym for graphical PLQY evaluation. It provides a graphical user
interface for a fully automatized statistical evaluation of PLQY data, as was devel-
oped in this work and is described in subsection 4.3.3. It is based on python, where
a version for python 2.7 exists but should no longer be developed as the support for
python 2.7 ended on January 1, 2020 (Python.org, 2020). That means that security
issues and bugs won’t be fixed any longer, and general improvements will not take
place. Therefore, also Gra  e should always be used in its python 3 version. The
source code is open to anyone who has access to the institute’s git server and can
be downloaded there: https://git.iap.phy.tu-dresden.de/ffries/grape. The program
is structured in the solely graphical modules, which are marked with an ui in their
filename, the main program Grape.py, and the modules that contain the actual func-
tionality PLQY_evaluation.py and file_evaluation.py. Note, that the latter can also
be used from the terminal without the graphical interface provided by Gra  e.
The main window of the program is shown in Figure C.1. It is structured in two
parts. On the left hand side, all options available for the user can be seen, on the
right hand side, the results are plotted.
C.1 The Figures
The figure Spectra provides an average of all A-, B-, and C-spectra that were used
for the PLQY calculation, respectively. They are converted to photon counts. Blue
vertical lines annotate the the evaluation wavelengths as set in the left part of the main
window. Right next to it the plot Spectra w/o LED signal shows only the emissive
parts of the B-, and C-spectra. The y-axis scale is defined by evaluation wavelengths.
Additionally, the scaled A-measurement is subtracted in this graph, which leads to a
zero background level. A double click on those graphs opens the matplotlib toolbar
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Figure C.1: The main window of Gra  e.
that enables interactions like zooming into the curves or the coordinates of the cursor.
Another double click closes the toolbar again.
The two lower figures that are entitled Statistics show the results from the statistical
data treatment. The left plot provides a histogram with all calculated PLQY values.
A Gaussian fit is drawn as a guide to the eye. The fit routine just calculates a Gaussian
curve of the same area as the histogram and takes the mean value as calculated using
the weighted mean as centre coordinate. The graph on the right side gives detailed
information on the result of every single PLQY calculation. A double click on those
graphs opens the matplotlib toolbar that enables interactions like zooming into the
curves or the coordinates of the cursor. Another double click closes the toolbar again.
A click with the right mouse button on a data point in the right graph displays the
according number of A-, B-, and C-measurement that led to this data point. Here,
it turns out to be handy to zoom into the region of interest first. This method is




On the very top of the left part of the main window, a button called Configuration...
can be found. A click on this button opens the configuration window that allows
to set options both for the PLQY and the file evaluation (cf. Figure C.2). Various
options can be chosen here. Most of them are self-explanatory. In the lower part of
the configuration window, each tab refers to one experimental setup that is supported
by the file evaluation.
Figure C.2: The configuration window of Gra  e.
Below the configuration’s button, the evaluation wavelength for the PLQY evaluation
can be set, either using the keyboard, the arrows aside, or the mouse wheel. The file
to be evaluated can be chosen by clicking the buttons with the three dots. The button
Open Results File allows a quick check of the results of the current session. This is for
example necessary when playing around with the evaluation wavelengths. The next
button Upload Results to the Groups’ Drive enables the user to upload the results of
the current session to the groups drive. This is meant to create a data basement, such
that in future each user can easily compare its results to older results of the same
material. This helps to contextualize the results, but can also reveal defects in the
measurement setup.
At the very bottom of the main window, a button allows to use the functionality of
the file_evaluation.py module. With a click on the button the user selects a folder
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which then is recursively walked through. Each encountered file of known type will
be converted to text files according to the settings set in the configurations. The
button right to it is just a shortcut to the averaging routine of the file evaluation.
The lowest button, opens another submodule called Grape_Bilum_Fitter. This is a
tool that is still in the beta stadium and is supposed to facilitate and standardize the
fit of lifetime decay curves as taken in our work group.
C.3 Outputs
The main window of Gra  e contains not only the graphics, but also a display field.
Here, the results of each evaluation are prompted. These are the optical density of the
sample, its absorption and the resulting PLQY. Each uncertainty given is only the
statistical error. If the width of the histogram is of interest this information can be
seen in the python terminal that always opens up in the background, when starting
the main program.
For later use the most important results are automatically exported as text files. This
is a table of the PLQY and absorption values, the displayed figures, and the numerical
values of the histogram and the spectrum.
C.4 Internal Data Processing
Gra  e searches for a folder that contains three subfolders called A, B, and C. Then
it takes every possible combination of files found in those folders to calculate the
PLQY values. A scaled A-measurement is subtracted as background correction. For
each combination the evaluation wavelengths are varied to get the quasi random
fluctuation. The default value for this variation is 1%, which is in the range of some
nanometre. This value can be changed in the source code of PLQY_evaluation.py.
Each result is tested that its resulting relative uncertainty does not exceed 10%.
Otherwise, one of the evaluation wavelengths is placed in or too close to the excitation
or emission. In this case only a preview of the spectra is plotted, to enable the user
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Figure D.1: Line-shape analysis of the fluorescent emission of the molecular series of TPB-
fragments (the spectrum of biphenyl can be found in Chapter 5).
155



















































































1.8 2.0 2.2 2.4 2.6 2.8
Energy [eV]
1.6 2.0 2.4 2.8
Energy [eV]
1.8 2.2 2.6 3.0
Exp.
Fit




Figure D.2: Line-shape analysis of the phosphorescent emission of the molecular series of TPB-
fragments (the spectrum of biphenyl can be found in Chapter 5).
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A rate-equation-fit of a transient-intensity measurement is performed for each molecule
of the Br𝑥TPB series and the resulting figures are shown in the following.
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F Side projects
Parallel to the scientific work on my projects as discussed throughout this theses, I
took part in the realization of an online course for future students. This work was
within the framework of a one-year half-time position at the faculty of computer
science of TU Dresden. The position was shared with my co-worker Max Gmelch,
resulting for me in a one-year quarter-time project.
The scope of the online course is to allow potential students to refresh or deepen their
knowledge in physics before their first term at the university starts. The hope is to
make use of potential spare time after the graduation at school and to facilitate the
start the students carrier, as it is well-known that especially the first weeks/month
after having started university, are full of workload, organization tasks, and personal
needs to get used to the new situation of life.
Whereas the computer based framework is provided by personnel of the faculty itself,
my/our task was to provide html files containing the physical content. Here, it was
our responsibility to decide about the structure of the chapters, the actual content,
and the demand on the pupils. The content is oriented on the knowledge a high school
degree should provide. Accordingly it covers the topic of mechanics, electrodynamics,
thermodynamics, and optics.
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